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ABSTRACT 
Sorcin is a two-domain protein belonging to the penta-EF-hand family that 
traslocates reversibly from cytosol to membranes through a Ca2+-dependent 
interaction with protein targets. Although EF1, EF2, EF3 are potentially able 
to bind calcium at micromolar concentrations, binding of two Ca2+/monomer 
activates sorcin and triggers translocation. To identify the functional pair, the 
conserved bidentate –Z glutamate in these EF-hands was mutated to yield 
E53Q-, E94A-, E124A-sorcin, respectively. The behavior of the three site-
specific sorcin mutants shows that the EF3 hand is the site endowed with the 
highest affinity for calcium and that EF2 and EF3 that are not paired 
structurally are the functional EF-hand pair. Information of  Ca2+ binding to 
EF3 was proposed to be transferred to the rest of the molecule by means of 
the long and rigid D-helix that is shared by EF2 and EF3. To establish 
whether this helix is instrumental in sorcin activation, two D-helix residues 
were mutated into glycine: W105 involved in the network of interaction 
around the helix itself, and W99, which faces solvent. The substitution of 
W105 almost abolishes the capacity of sorcin to interact with its molecular 
targets while mutation of W99 has little effect. Disruption of the interaction 
network around the D-helix, therefore, inhibits information transfer from the 
EF3 hand demonstrating the central role of the D-helix in the Ca2+-dependent 
activation of sorcin.  
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1. INTRODUCTION 
 
1.1 CALCIUM AS A MESSENGER 
 
Cellular signalling mechanisms are designed to transmit information 
from the cell surface to specific targets within the cell by means                     
of intracellular messenger among these the calcium ion has a major role.  
Ca2+ operates in all cell types - from bacteria to specialized neurons - and          
is responsible for controlling numerous cellular processes, such                          
as fertilization, proliferation, development, learning and memory.                  
This simple ion can control all these processes due to the enormous 
versatility of Ca2+ signals. For example, Ca2+ can operate within small 
cellular compartments, it can act globally in the cytoplasm, or penetrate 
specific organelles, such as mitochondria and the nucleus. Moreover,        
Ca2+ signals can have variable durations ranging from microseconds to hours. 
Unlike many other second-messenger molecules, prolonged high 
intracellular Ca2+ levels lead to cell death: calcium can not be metabolized 
and, in order to prevent its cytotoxic effects, the cells need to regulate            
its homeostasis very tightly. 
Ca2+ concentration is maintained at ∼ 100 nM in a cell at rest,                    
but is significantly higher (∼ 1000 nM) in the extracellular compartement         
and in the lumen of the endoplasmic reticulum. The existence of such            
a marked electrochemical gradient allows a cell  to increase rapidly              
the cytoplasmatic calcium concentration in response to a variety of external 
stimuli. Ca2+ may enter the cell across the plasma membrane or can               
be released into the cytoplasm from the endoplasmic reticulum. In both 
instances Ca2+ entry takes place through finely regulated calcium channels. 
To control the possible cytotoxic effect of Ca2+, two groups                    
of intracellular calcium binding proteins have evolved: buffer and sensor 
proteins (Heizmann and Hunzinker, 1991). Buffer proteins, such                           
as calsequestrin, bind calcium when its concentration within a cell                        
or organelle increases over the submicromolar level. These molecules              
are essential to the homeostasis of the cation, as they contribute to reducing 
its ionic concentration to non cytotoxic levels (Carafoli, 2005). 
Sensor proteins, enable the cell to detect any change in Ca2+ 
concentration which is then transformed into a variety of cellular processes 
that often require a rapid response (from Silva and Williams, 1991).              
At a molecular level, sensor proteins, such as calmodulin, when activated 
upon Ca2+ binding,  amplify the initial signal in the cytoplasm and thereby 
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modulate a great variety of  molecular targets (e. g. enzymes and                 
ion channels).  
The different function of sensor and buffer proteins is reflected                
in the equilibrium and kinetic features of the Ca2+ binding reaction.         
Buffer proteins are characterized by higher calcium affinity constants             
than sensor proteins, which in turn, have higher kinetic association             
rate constant. Thus, in the presence of a rapid increase of cytoplasmic           
Ca2+ concentration, sensor proteins will interact with the cation and activate 
the appropriate molecular target.  
From a structural view point sensor proteins are of importance                     
as they revealed the existence of the Ca2+ binding motif named EF-hand. 
 
1.2 EF-HAND Ca2+-BINDING PROTEINS 
 
The EF-hand structural motif was first discovered in the crystal structure 
of parvalbumin, a protein involved in the relaxation process of muscle cells 
(Kretsinger et al., 1973), but turned out to be very widespread (Ikura et al., 
1996). It consists of two perpendicularly oriented α-helices (helices E and F 
in parvalbumin) and an interhelical loop involved directly in calcium binding. 
The helices are disposed as the index finger and the thumb of the right hand 
(Fig. 1). 
                                                                                      
 
 
 
 
 
 
                
 
        
                    
 
 
 
         (d) 
 
 
 
 
 
 
Fig. 1 – Calmodulin EF-hand site. (a) Site structure; (b) Ca2+ coordination complex;            
(c) Calmodulin structure; (d) Canonical sequence of a canonical EF-hand site:                    
the brown residue are the amino-acids that bind calcium, the green residues belong                    
to the hydrophobic core. 
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The canonical EF-hand motif is composed by 29 residues: the first         
ten are organized in the E helix, the twelve following ones constitute          
the Ca2+ binding loop and the last form the F helix. In the loop,             
calcium is bound by seven ligands at the vertices of a pentagonal bipyramid 
(Kawasaki and Kretsinger, 1994) (Fig. 2).  
 
 
                    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 – EF-hand site: Calcium is bound by seven ligands at the vertices                          
of a pentagonal bipyramid. 
 
The  residues involved in metal coordination in particular are:                  
1(X), 3 (Y), 5 (Z), 7 (-Y), 9 (-X) and 12 (-Z). The five equatorial Ca2+ ligands 
lie close to a plane that includes the calcium ion and are contributed by the 
side chains of two acidic residues  (position Y and –Z), the latter providing 
two ligands, one polar group (Ser/Thr, position Z), and one main chain 
carbonyl oxygen (position –Y). The two apical ligands are furnished by the 
side chain of an acidic group (position X) and by a water molecule (position 
–X). In position –Z the bidentate interaction with the metal is established     
by a glutamate residue, which is favoured with respect to aspartate because 
the longer side chain allows the carboxylic group to be positioned optimally 
for calcium coordination. The residues in position 2, 5, 6, 9, 17, 22, 25, 26 
and 29 are hydrophobic and interact with analogous amino acids of another 
EF-hand motif, forming a hydrophobic protein core (see below).  
The canonical sequence of the EF-hand motif has been detected in small 
proteins (e.g. calmodulin or S100) and within domains of much larger, 
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complex proteins (e.g. myosin or calpain) (Fig. 3). EF-hand motifs have   
been identified also in proteins in which they were not expected,                
such as cholinesterases (Tsigelny et al., 2000).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 – Basic structural features of the EF-hand Ca2+-binding proteins. 
 
The basic structural-functional unit is formed by EF-hand pairs,      
rather than by single sites in most known cases. The EF-hand motifs           
are matched structurally and functionally; their pairing stabilizes                 
the protein conformation and results in cooperativity in Ca2+ -binding. 
Tipically, a pair of EF-hand motifs forms a globular domain,                           
such that a protein containing four EF-hands is organized in two Ca2+ binding 
domains that can be either structurally independent, e.g. calmodulin 
(Kretsinger, 1986), and troponin C (Herzberg, 1988), or be well packed 
together, as in  recoverin (Flaherty, 1993). 
The Ca2+ affinities of  EF-hand proteins vary greatly (Kd = 10-4 – 10-9 M) 
and are amino acid sequence-dependent, especially with regard                     
to the 12-residue consensus loop that provides all the Ca2+ ligating amino 
acids (Ikura et al. 1996). Ca2+ affinity is influenced also by the length             
of the loop since this can alter the geometry of  metal coordination         
(Linse and Forsén, 1995).  
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Ca2+ binding proteins involved in calcium signalling undergo Ca2+ 
dependent structural rearrangements that modulate directly their 
functionality. A number  of structural studies on different EF-hand domains 
have revealed substantial differences in the extent of the Ca2+-induced 
conformational changes (Fig. 4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 – Conformational changes induced by Ca2+ -binding to a pair                    
of EF-hands. The two α-helices are displayed in red and in green.                       
The C-terminal domain of calmodulin (a) in the “closed” Ca2+ -free state               
and (b) in the “open” Ca2+ -bound state. Calbindin D9k (c) in the “closed”           
Ca2+ -free state and (d)  in the “closed” Ca2+ -bound state (from Ikura, 1996). 
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Thus in calmodulin both the carboxy- and the amino-terminal domains   
of the protein undergo significant structural rearrangements from                   
a “closed” conformation, pertaining to the apoprotein, where the two helices 
of each EF hands are almost anti-parallel to an “open” conformation, 
characteristic of the Ca2+-bound form, where the two helices are almost 
perpendicular (Zhang et al., 1995; Finn et al., 1995). By contrast,                
the buffer protein calbindin D9K  retains the calcium free “closed” 
conformation even after binding of Ca2+ (Finn et al., 1995). 
The different extent of structural rearrangements can be compared 
quantitatively by analyzing the changes in interhelical angle of various       
EF-hand proteins upon Ca2+-binding (Table 1). The analysis brings             
out that domains undergoing large conformational changes are typical           
of sensor proteins. In  buffer proteins, where small conformational changes 
suffice to ensure protein structural and functional stability, extended 
conformational changes are not observed (Nelson and Chazin,1998). 
 
 
 Interhelical angle change (°) 
 A/B C/D E/F G/H 
Calmodulin 34 34 39 36 
Troponin C 40 56   
Recoverin 61 7 16 1 
Calbindin D9k 12 1   
 
        Table 1 – Interhelical angle changes of various EF-hand proteins upon Ca2+ binding. 
 
The large Ca2+-induced structural changes that take place in sensor 
proteins enable them to respond to the specific Ca2+-transmitted stimulus      
by interacting with specific molecular targets. This interaction can take      
place in a variety of manners.  
In calmodulin, for example, the significant conformational change         
of the two EF-hand domains and of the central helical linker leads                
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to the exposure of a large, sticky, hydrophobic surface ideally suited            
for target interaction (Fig. 5).   
 
 
 
Fig. 5 – The molecular surface of the C-terminal domain of calmodulin,                         
(a) in the Ca2+-free state and (b) in the Ca2+-bound state. Hydrophobic residues                        
are shown in yellow, acidic residues in red, and basic residues in purple (from Ikura, 1996). 
 
1.3 PENTA-EF-HAND PROTEIN FAMILY 
 
As mentioned above, the EF-hand motifs in the various proteins            
are usually repeated tandemly, with a number of repeats ranging from               
two to eight. The presence of uneven EF-hand motifs in a Ca2+-binding 
protein was not recognized until the X-ray crystallographic analyses                     
of the Ca2+-binding domains in calpain small subunits revealed                      
an unsuspected EF hand motif named EF1 in addition to four canonical ones 
(Blanchard et al. 1997; Lin et al 1997). The novel motif has an 11 aminoacid 
residues long loop sequence and an alanine residue in place of the canonical 
aspartic acid in the calcium-coordination position designated X. 
This finding prompted a re-evaluation of the primary structures              
of multiple-EF-hand proteins in the literature and in DNA databases              
and led to the identification  by Maki et al. 1997 of a new protein family, 
named “penta-EF-hand” (PEF) which comprises calpains light and heavy 
chains (Blanchard et al., 1997; Lin et al. 1997) sorcin (Meyers et al., 1995a; 
Zamparelli et al.,1997), grancalcin, ALG-2, peflin (Kitaura et al. 1999)             
and the hypothetical yeast protein YG25 (Fig. 6). 
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                         x y z-y -x -z 
                         ⏐ ⏐ ⏐ ⏐  ⏐  ⏐ 
EF-1                     ⏐  Loop  ⏐  ⏐ 
               _Helix A__⏐ ⏐ ⏐ ⏐  ⏐__Helix B__ 
Sorcin         DPLYGYFASVAG-QDGQI DADELQRCLTQS---GIAGGYK  33- 68 
Grancalcin     DSVYTYFSAVAG-QDGEV DAEELQRCLTQS---GINGTYS  52- 87 
CDVI           RQFRRLFAQLAG-DDMEV SATELMNILNKVVTRHPDLKTD  97-135 
CDIV           ENFKALFRQLAG-EDMEI SVRELRTILNRIISKHKDLRTK 545-583 
ALG-2          SFLWNVFQRVDKDRSGVI SDTELQQALSNG-------TWT  26- 58 
Peflin         PEAYSWFQSVDSDHSGYI SMKELKQALVN-------CNWS  66- 98 
 
EF-2 
              __Helix C__          __Helix D__ 
Sorcin     PFNLETCRLMVSMLDRDMSGTM GFNEFKELWAVL            69-102 
Grancalcin PFSLETCRIMIAMLDRDHTGKM GFNAFKELWAAL            88-121 
CDVI       GFGIDTCRSMVAVMDSDTTGKL GFEEFKYLWNNI           136-169 
CDIV       GFSLESCRSMVNLMDRDGNGKL GLVEFNILWNRI           584-617 
ALG-2      PFNPVTVRSIISMFDRENKAGV NFSEFTGVWKYI            59- 92 
Peflin     SFNDETCLMMINMFDKTKSGRI DVYGFSALWKFI            99-132 
 
EF-3 
               _Helix D__           __Helix E_ 
Sorcin         NGWRQHFISFDSDRSGTV DPQELQKALTTMGFRLN      103-137 
Grancalcin     NAWKENFMTVDQDGSGTV EHHELRQAIGLMGYRLS      122-156 
CDVI           KKWQAIYKQFDVDRSGTI GSSELPGAFEAAGFHLN      170-204 
CDIV           RNYLSIFRKFDLDKSGSM SAYEMRMAIESAGFKLN      618-652 
ALG-2          TDWQNVFRTYDRDNSGMI DKNELKQALSGFGYRLS       93-127 
Peflin         QQWKNLFQQYDRDRSGSI SYTELQQALSQMGYNLS      133-167 
 
EF-4 
              _Helix F__           __Helix G_ 
Sorcin        PQTVNSIAKRY-S-TSGKI TFDDYIACCVK            138-165 
Grancalcin    PQTLTTIVKRY-S-KNGRI FFDDYVACCVK            157-184 
CDVI          EHLYSMIIRRY-SDEGGNM DFDNFISCLVR            205-233 
CDIV          KKLFELIITRY-SEPDLAV DFDNFVCCLVR            653-681 
ALG-2         DQFHDILIRKFDRQGRGQI AFDDFIQGCIV            128-157 
Peflin        PQFTQLLVSRYCPRSANPAMQLDRFIQVCTQ            168-198 
 
EF-5 
              ___Helix G_           __Helix H_ 
Sorcin        LRALTDSFRRRDSAQQGMV NFSYDDFIQCVMTV         166-198 
Grancalcin    LRALTDFFRKRDHLQQGSA NFIYDDFLQGTMAI         185-217 
CDVI          LDAMFRAFKSLDKDGTGQI QVNIQEWLQLTMYS         234-266 
CDIV          LETMFRFFKTLDTDLDGVV TFDLFKWLQLTMFA         682-714 
ALG-2         LQRLTDIFRRYDTDQDGWI QVSYEQYLSMVFSIV        158-191 
Peflin        LQVLTEAFREKDTAVQGNI RLSFEDFVTMTASRML       199-233 
 
 
Fig. 6 – Sequence alignment of the calcium binding domains of penta-EF proteins.    
The residues involved in calcium ion coordination are indicated by x, y, z,-y, -x, -z.    
Identical or similar residues are indicated in boldface. 
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In PEF proteins the polypeptide chain is organized in two domains:     
the N-terminal one is rich in glycine and proline residues and therefore          
is highly flexible and not visible in the available crystal structures of the 
whole proteins (Blanchard et al., 1997; Jia J. et al., 2001; Xie et al., 2001). 
The C-terminal domain contains all the EF-hands and is characterized  
by a very similar compact fold in all PEF proteins. An intriguing peculiarity 
of the Ca2+ -binding domain is the unusual presence of two long                
(six-turns) α-helices that are shared by EF2 and EF3 (D-helix)                    
and by EF4 and EF5 (G-helix). EF hands 1-2 and 3-4 display the canonical 
EF-hand pairing, whereas the uneven EF5 does not have a partner.              
The presence of the uneven EF-hand, EF5, however, does not contradict      
the rule that EF-hands occur in structural and functional pairs.                    
PEF proteins are dimeric in nature and in the dimer the uneven EF5            
site pairs with the corresponding motif of the other subunit,                  
thereby contributing to dimer stabilization. PEF proteins can form            
both homodimers and heterodimers in solution (Teahan et al., 1992;            
Hamada et al., 1988; Maki et al., 1998; Missotten et al., 1999),                      
in turn, dimerization is essential for their function (Kitaura et al., 2002; 
Yoshizawa et al.,1995; Graham et al., 1994; Meyers et al.,1996;             
Arthur et al., 2000).  
In those member of the family in which the identification                       
of the physiological EF hands has been attempted, EF3 appears                       
to be the site endowed with the highest affinity for the metal.                         
In grancalcin, EF2 cannot bind Ca2+ (in position −Z alanine is in place          
of the canonical glutamate which typically provides two oxygen ligands         
to the calcium ion); in the crystals Ca2+ is bound to EF3 in one subunit          
only (Jia et al., 2000). In ALG-2, studies on site-specific mutants point          
to EF1 (which in this  protein has the canonical 12 residue interhelical loop) 
and EF3 as the functionally relevant Ca2+ binding sites (Lo et al., 1999,        
Jia et al., 2001). In calpain dVI crystals grown in 1 mM Ca2+,                   
EF1, EF2, EF3 are saturated with Ca2+ (Blanchard et al., 1997;                     
Lin et al., 1997); studies with site-specific mutants suggest that all these      
EF-hands   contribute to calpain activation, but that EF3 has the highest       
Ca2+ affinity (Dutt et al., 2000).  
In turn, the functional coupling of EF3 to EF1 and /or EF2 requires          
a novel mechanism of information transfer to be operative since the above 
mentioned sites are not coupled structurally. 
 The binding of calcium to PEF proteins increases the overall 
hydrophobicity and leads to their translocation from the cytoplasm                
to cell membranes where PEF proteins interact with specific protein       
targets and thereby participate in a variety of Ca2+ mediated              
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signalling processes (Vito et al., 1999; Meyers et al., 1995a;                   
Lollike et al., 2001). Complex formation with the target can take place via 
either the N- or C-terminal domain (Maki et al., 1997; Kitaura et al., 1999). 
However, the molecular events that are triggered by Ca2+ binding and lead    
to the change in subcellular localization through the specific interaction with 
protein targets are still obscure. Ca2+ induced  conformational changes         
as manifest in the X-ray crystal structures are unexpectedly small               
and are limited to the EF1 region (Lin et al., 1997; Blanchard et al., 1997;                
Jia et al., 2000; Strobl et al., 2000). It is not known how the small        
changes apparent in the crystal structures are amplified to the extent   
required for target protein recognition. Moreover, EF3, which is the site                  
with the highest Ca2+ affinity is not paired in the canonical manner            
with EF2, another functionally relevant Ca2+ binding site (Jia et al., 2001;    
Subramanian et al., 2004; Jia et al., 2000). At least in principle,                    
the D-helix which is highly conserved and is shared by EF3                         
and EF2 may represent the natural means for transferring functional 
information between them. 
 
1.4 SORCIN 
 
Sorcin (SOluble Resistance-related Calcium binding proteIN),                  
a 21.6 kDa protein isolated from the cytosol of multidrug-resistant cells,     
but expressed also in several normal tissues including skeletal muscle,     
heart and brain, albeit at lower levels, is a typical PEF protein.             
(Meyers and Biedler, 1981 ; Polotskaja et al., 1983; Meyers et al., 1985; 
Koch et al., 1986; Shen et al., 1986; Meyers et al., 1987; Hamada et al., 1988; 
Van der Bliek et al., 1988; Roberts et al., 1989; Wang et al., 1995,        
Meyers  et al., 1995). 
The polipeptide chain has a two-domain organization with                      
an extremely flexible N-terminal domain and a compact calcium-binding                          
C-terminal domain. In solution sorcin forms stable dimers when Ca2+-free,                   
but has a strong tendency to precipitate in the Ca2+-bound form due               
to the increased overall hydrophobicity (Zamparelli et al., 1997).                  
In turn, the latter feature permits the Ca2+-dependent interaction                 
with protein targets that leads to translocation from the cytoplasm                  
to cell membranes and induces the specific cellular response. Two calcium 
ions bind to sorcin with micromolar affinity and trigger the conformational 
change that underlies the traslocation process as indicated by titration             
of sorcin with calcium in the analytical ultracentrifuge (Fig. 7). 
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Fig. 7 – Titration of sorcin with calcium 
in the analytical ultracentrifuge. Different 
amounts of calcium were added just before 
the sedimentation velocity experiment.    
The absorbance in the plateau region is 
plotted as a function of the Ca2+: monomer 
molar ratio. 
 
In addition to the typical properties 
of the PEF family, sorcin has two 
interesting features. First, sorcin     
is the only PEF protein which 
contains a cAMP-dependent protein 
kinase (PKA) phosphorylation site 
(Van der Bliek et  al,  1986,  Ilari  et 
 al.,  2002,  Matsumoto et al.,  2005). Indeed phosphorylation has been shown 
modulate the interaction of sorcin with its targets such as the ryanodine 
receptor and sarcoplasmic reticulum (SR) Ca2+-ATPase pump (SERCA)   
(see below) (Lokuta et al., 1997; Matsumoto et al., 2005). Second, sorcin, 
though a stable dimer at neutral pH, forms tetramers at slightly acid            
pH values (Zamparelli et al., 1997) that are thought to occur near membranes. 
 
1.4.1 STRUCTURE 
 
The first attempts to crystallize the full-length protein did not yield 
crystals diffracting at high resolution due to the high flexibility                     
of the N-terminal domain.   
In contrast, the Ca2+-free 
form of the sorcin C-terminal 
domain (Sorcin Calcium 
Binding Domain, SCBD: 
residues 33-198) yielded        
X-ray quality crystals that 
diffracted at 2,2 Å resolution 
(Ilari et al., 2002) (Fig. 8).  
 
Fig. 8 – Crystal structure of 
the sorcin C-terminal Ca2+ binding 
domain (SCBD) The two chains      
in the homodimer are in blue        
and orange. EF1,  EF2  and  EF3  
are   indicated,    as   well    as    the 
 D-helix  connecting  EF2  and  EF3. 
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The SCBD fold resembles   
that of known PEF proteins 
and confirms the general 
characteristics of the family 
disclosed by the structures       
of calpain dVI, grancalcin   and 
ALG-2 (Blanchard et al., 1997; 
Lin et al., 1997; Jia et al., 
2000; Jia et al., 2001) (Fig. 9). 
Thus, the SCBD contains eight 
α-helices (A-H) organised in 
five calcium binding motifs 
(EF1-EF5). Two long α-helices 
contribute to two consecutive 
EF hands: helix D is common 
to EF2 and EF3, while helix G 
is common to EF4 and EF5.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 – Sorcin calcium-binding domain (SCBD) monomer. In (a) the eight                 
α-helices are labelled. In (b) a comparison with the grancalcin and calpain monomers          
in the apo-form is shown. SCBD is coloured red, grancalcin green and calpain                  
blue (adapted from Ilari et al.,2002). 
 
As for the other PEF proteins, the EF1 motif is coupled structurally   
with EF2 and EF3 pairs with EF4, while the EF5 site is left unpaired            
in the monomer but pairs with the EF5 of a second monomer in the dimer 
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forming the subunit interface (Fig. 10); the EF-hands associate through          
a short two-stranded β-sheet arrangement. 
 
 
 
Fig. 10 – SCBD dimer. 
 
1.4.2 MODEL OF THE Ca2+-DEPENDENT ACTIVATION 
 
Fluorescence and circular dichroism studies of sorcin and SCBD 
suggested that in the full-length protein the Ca2+-dependent conformational 
changes involve a reorientation of the N- and C-terminal domains with no 
significant change in the structure of the Ca2+ binding domain itself.              
In particular, solely a Ca2+-induced shift of the flexible N-terminal         
region relative to SCBD could explain the observation that the intrinsic   
fluorescence of the two tryptophan residues (Trp99 and Trp105,                 
both located in the D helix) is unaffected by Ca2+ binding in SCBD,             
but is quenched in the native protein (Zamparelli et al., 2000).                       
In turn, the Ca2+-induced increase in overall hydrophobicity is apparent         
in hydrophobic chromatography experiments (Zamparelli et al., 1997). 
 This detailed knowledge of the solution properties of sorcin                 
and the availability of the ALG2 structure enabled Ilari et al., (2002)             
to propose a model of full-length sorcin. The ALG-2 structure was          
found to contain an 11 residue stretch of the N-terminal domain,           
thought to have been removed by proteolytic cleavage, in contact with 
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residues of the D-helix, the EF loop, the G-helix and the GH loop                  
of the Ca2+ binding domain (Fig. 11a) (Jia et al., 2001). 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11a – Ribbon-style view of the ALG-2 structure. The A, G, H helices and             
C terminus are labelled for reference. The bound N-terminal peptide (residues Pro8-Ala18)  
is depicted as bond and atom style as are also contact residues Trp95, Tyr124, and Ala166.      
A red curved line connecting residue Ala18 with Leu22 depicts the three missing residues 
between the N-terminal peptide and the Ca2+ binding domain. (a) was constructed using 
Ribbons. (taken from Ilari et al., 2002) 
 
The sorcin N-terminus contains a very similar proline/glycine-rich 
stretch, with Tyr18 as the only critical difference, at the same linear distance 
in sequence from the Ca2+ binding domain (Fig. 11b). 
 
 
 
 
 
 
Fig. 11b – Sequence of ALG-2 and sorcin showing the bound peptide in the ALG-2 
structure and the corresponding one in sorcin. The bound peptide in the ALG-2 structure       
is comprised of residues 8 to 18 (boldface). There follows a three residue gap (GlyAlaAla) 
and the structure begins again with Leu22. The residues Gln25 and Val35 have                      
a “structural equivalence” with the corresponding residues in the SCBD structure as 
determined by superposition using SEQUOIA (Carson, 1997). (taken from Ilari et al., 2002). 
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On the basis of this similarity, a model of the SCBD with                     
the ALG-2 peptide bound between the D-helix and the EF loop was 
constructed (Ilari et al., 2002). It mimics the Ca2+-free form of full-length                  
sorcin where the flexible N-terminal and the C-terminal domains tend            
to interact with each other. Thus, the N-terminal domain positioned               
as in Fig. 11c buries the two tryptophan residues on the D helix,                    
as indicated by the fluorescence and CD data, and covers a large hydrophobic 
surface as indicated by the hydrophobic chromatography experiments 
(Zamparelli et al., 1997). The model also explains the observed twofold 
decrease in the rate of phosphorylation of full-length sorcin compared to that 
of SCBD (Ilari et al., 2002). According to the model, the N-terminal domain 
physically hinders access of PKA to the phosphorylation site in intact sorcin. 
Ilari et al., (2002) also proposed that calcium binding causes       
structural rearrangements that lead to loosening of the interactions       
between the two sorcin domains such that a large hydrophobic surface 
(comprising the D-helix and the EF loop) is exposed on SCBD and both 
domains become available for interaction with the respective target proteins. 
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 Fig. 11c – Ribbon-style view of SCBD superposed onto the ALG-2 monomer 
depicted in (a). SCBD was divided into two parts (residues 33–117 and 118–198)          
which were superposed separately using SEQUOIA. The bound peptide is as in (a).        
Three residues of SCBD analogous to those in (a) are shown in bond and atom style,   
Trp105, Phe134, and Arg174. Also shown is a bound sulphate ion near Ser172;                 
two residues which stabilize the bound sulphate ion, Arg175 and Arg176,                           
and the putative phosphorylation site Ser178. (c) was constructed using Ribbons.           
(taken from Ilari et al., 2002) 
 
 
 
Fig. 11d – Residues from the Ca2+-binding domains of ALG-2 and the SCBD        
model which contact the bound N-terminal peptide depicted in (a) are shown                        
in boldface and larger type. The side-chains of the ALG-2 residues Trp95,                    
Tyr124 and Arg166 are depicted in (a). The corresponding residues of SCBD                       
are shown in (c). Tyr90 and Asp93 make side-chain to side-chain contacts with Pro16     
imide ring. Gly174 makes a side-chain H polar (perpendicular) contact with Pro10         
imide ring. Trp95 forms main-chain polar contacts with Pro16. Phe122 and Arg125          
form main-chain polar contacts with Pro14 to Gly9. Arg166 makes a very interesting       
side-chain to main-chain contact with the carbonyl oxygen atoms of Gly11 and Gly12         
of the peptide. (taken from Ilari et al., 2002) 
  
1.4.3 PROTEIN TARGETS 
 
Different sorcin targets have been identified in different tissues.  
Annexin VII (synexin) was the first to be recognized (Brownawell       
and Creutz, 1997). The interaction involves the N-terminal domains               
of both proteins. It takes place in adrenal medulla and leads                           
to inhibition of the synexin-mediated aggregation of chromaffin         
granules (Brownawell and Creutz, 1997). Interaction between sorcin and 
annexin VII occurs also in differentiating myoblasts (Clemen et al., 1999) 
and in vesicles from erythrocytes (Salzer et al., 2002).  
In the brain, sorcin was found to interact with the N-methyl-D-aspartate 
receptor 1 in the caudate putamen nucleus (Gracy et al.,1999)                     
and with presenilin 2, an integral membrane protein localized predominantly 
to the endoplasmic reticulum and the Golgi apparatus in brain tissues, whose 
mutations is linked to familial Alzheimer’s disease (Pack-Chung et al., 2000). 
In muscle tissues, sorcin interacts with several channels involved                   
in cell contraction: the pore-forming α1 subunit  of voltage-dependent           
L-type Ca2+ channels, the ryanodine receptor, the Na+-Ca2+ exchanger and the 
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sarcoplasmic reticulum ATPase SERCA2a (Meyers et al., 1995;           
Meyers et al., 1998, Farrell et al., 2003; Matsumoto et al., 2005).                
The interactions taking place in muscle have received special attention          
in view of the role played by Ca2+ in the contraction and relaxation processes. 
These processes will be described briefly for a better understanding       
of the role played by sorcin.  
1.4.4  CALCIUM AND CARDIAC EXCITATION-CONTRACTION-
RELAXATION PROCESSES  
 
The human heart proceeds from a relaxed state (diastole) to a fully 
contracted state (systole) and recovery in 600 ms. The contractile-relaxation 
(E-C) cycle is tightly coupled to Ca2+ transients. This ubiquitous second 
messenger is the direct activator of the myofilaments and causes contraction.  
During the cardiac action potential, Ca2+ enters the cell through 
depolarization-activated Ca2+ channels as an inward Ca2+ current (ICa),   
which  contributes   to  the  action   potential   plateau   (Fig.  12),  Ca2+  entry 
triggers Ca2+ release from the sarcoplasmic reticulum (SR). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12 – Ca2+ transport in ventricular myocytes. The red arrows show the activation  
of contraction, the green arrows the relaxation process. Inset shows the time                   
course of an action potential, Ca2+ transient and contraction measured in a rabbit                 
ventricular myocyte at 37°C. SR, sarcoplasmic reticulum; NCX, Na+/Ca2+ exchange;       
ATP, SR and sarcolemmal ATPases; PLB, phospholamban (from Bers, 2002). 
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The combination of Ca2+ influx and release raises the free intracellular      
Ca2+ concentration ([Ca2+]i), allowing Ca2+ to bind to the myofilament          
protein troponin C, which switches the contractile machinery.                     
For relaxation to occur, [Ca2+]i must decline, thereby, allowing                  
Ca2+ to dissociate from troponin. This requires Ca2+ transport                         
out of the cytosol by at least four pathways involving the sarcoplasmic 
reticulum (SR) Ca2+-ATPase, the sarcolemmal Na+/Ca2+ exchanger,             
the sarcolemmal Ca2+-ATPase or the mitochondrial Ca2+ uniport             
(Bers, 2002). 
The amount of total cytosolic [Ca2+] ([Ca2+]Tot = [Ca2+]i                       
plus bound Ca2+) that must be supplied to and removed from                        
the cytosol during each cardiac beat is shown in Figure 13.                       
Half-maximal activation  of contraction requires roughly 70 µmol                  
of Ca2+ per litre of cytosol, which would raise [Ca2+]i to 600 nM.                             
The local Ca2+ concentration, subsarcolemmal or at the cleft                 
([Ca]sm; [Ca]cleft), may rise up to several tens of micromolar                     
(Bers, 2001; Langer and Peskoff, 1996; Trafford et al., 1995). 
 
 
 
Fig. 13 – Amount of Ca2+ required for contractile activation, assuming a diastolic 
intracellular Ca2+ concentration ([Ca2+]i) of 150 nM and cytosolic Ca2+ buffers including 
troponin C (Ca2+ and Ca2+/Mg2+ sites), myosin, SR Ca2+-ATPase, calmodulin, ATP, creatine 
phosphate and sarcolemmal sites. Inset shows force as a function of [Ca2+]i (that is, force is 
equal to 100/(1+{600/[Ca2+]i}(adapted from Bers, 2002). 
 
Upon membrane depolarization, the large electrochemical [Ca2+] 
gradient drives Ca2+ into resting myocytes mainly through two classes           
of voltage-dependent Ca2+ channels (L- and T-type). Ca2+ influx via 
sarcolemmal L-type Ca2+ channels (or dihydropyridine receptors, DHPRs) 
triggers the release of Ca2+ from the sarcoplasmic reticulum via         
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ryanodine receptors (RyR). This released Ca2+ is the major fraction of Ca2+ 
involved in the activation of the myofilaments to produce contraction.       
RyR is the main SR Ca2+-release channel in striated muscle, and as such 
plays a critical role in cardiac E-C coupling. In all cardiac myocytes             
the SR and sarcolemmal membranes come into very close apposition             
at periodic regions along the surface membrane, and in ventricular    
myocytes also in the transverse tubules (T-tubules); about 20–50%                
of the T-tubules is involved in such junctions. At each junctional cleft,           
a cluster of  about 100 individual RyRs are close to 10–25 DHPRs            
forming a local SR Ca2+-release unit called a couplon. During E-C      
coupling each of the about 10000 couplons in a ventricular myocyte           
are activated independently by Ca2+ influx from the juxtaposed    
sarcolemmal Ca2+ channels. These local SR Ca2+-release events (Ca2+ sparks) 
are the fundamental units of SR Ca2+ release both at rest                           
(rare, stochastic events) and during excitation-contraction coupling. 
However, during excitation-contraction coupling several thousand                  
Ca2+ sparks in each cell are synchronized by the action potential,                
such that the local rises in [Ca2+]i are completely overlapping in time          
and space, such that the Ca2+ transients appear as spatially uniform  
(Franzini-Armstrong et al., 1999; Scriven et al., 2000; Bers, 2002). 
The Ca2+-induced Ca2+-release is inherently a positive-feedback 
mechanism, but its turn-off is essential for diastolic relaxation and refilling  
of the myocytes. The cardiac RyR isoform (RyR2) interacts with a series      
of proteins that regulate its function. These include FK-506 binding      
protein (FKBP 12.6; which may stabilize RyR gating and also couple         
the gating of both individual and adjacent RyR tetramers), cAMP-dependent         
protein kinase (which can alter RyR and ICa gating), phosphatases 1 and 2A, 
and in particular calmodulin and sorcin, both of which decrease                 
RyR opening in a Ca2+- dependent fashion, thereby contributing                    
to the shut-off of SR Ca2+-release (Meyers et al., 1998; Fruen et al., 2000; 
Marx et al., 2000; Marx et al., 2001).  
Ca2+ must be removed from the cytosol to lower [Ca2+]i and allow 
relaxation. This is achieved by several routes, the quantitative importance     
of which varies between species. In rabbit ventricular myocytes,                 
the SR Ca2+-ATPase pump (SERCA) removes 70% of the activator             
Ca2+, and the Na+/Ca2+ exchanger removes 28%, leaving only about             
1% each to be removed by the sarcolemmal Ca2+-ATPase and mitochondrial   
Ca2+ uniporter. The amount of Ca2+ extruded from the cell during     
relaxation must be the same as the amount of Ca2+ entry for each beat, 
otherwise the cell would gain or lose Ca2+ and would not be in steady state 
(Bassani et al., 1994; Bers, 2002). 
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The Na+/Ca2+ exchanger (NCX) can work in both directions,     
depending on local electrochemical potential, with a stoichiometry               
of three Na+ ions to one Ca2+ that produces an ionic current (INa/Ca).            
Na+/Ca2+ exchange can extrude Ca2+ (as an inward INa/Ca) or bring              
Ca2+ into the cell (as outward INa/Ca); high [Ca2+]i favours Ca2+ efflux           
(inward INa/Ca), whereas positive membrane potential (Em) and high         
[Na+]i favour outward INa/Ca. Fig. 14 shows possible time courses                 
for [Ca2+]sm and [Na+]sm that may be sensed by the Na+/Ca2+ exchanger 
during normal excitation−contraction coupling. Although NCX participates 
in the entry of calcium in the very first milliseconds of the action      
potential, under physiological conditions Na+/Ca2+ exchange works      
mainly in the Ca2+ extrusion mode, driven mostly by the Ca2+ transient              
(Hinata and Kimura, 2004; Bers and Despa, 2006). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14 – Na+/Ca2+ exchange 
during an action potential.INa/Ca 
calculated as a function          
of Em (action potential) and  
the indicated concentrations    
of Ca2+ and Na+. The red  
curve represents the global 
ionic current. Right panel       
is expanded in time.   
Geometry of junctional        
and submembrane spaces 
(adapted from Bers, 2002). 
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1.4.5  EMERGING ROLE OF SORCIN IN SKELETAL AND CARDIAC 
MUSCLE 
 
Sorcin binds to the cytoplasmic side of both L-type calcium        
channels and RyRs in skeletal and cardiac muscle, participating in channel 
gating (Meyers et al., 1995b, Meyers et al., 1998). Binding has been 
evaluated by co-immunoprecipitation of metabolically labelled cardiac 
myocyte proteins and by several types of in vitro binding studies.                  
In the cardiac L-type calcium channel calcium-bound sorcin binds                
to the cytoplasmically-oriented carboxy-terminal domain of the                
pore-forming 1C subunit, either at or near the calmodulin binding region, 
participating in channel inactivation (Meyers et al., 1998). 
The interaction of sorcin with RyR takes place with high affinity.     
Thus, sorcin completely inhibits open cardiac RyRs (RyR2) from being 
incorporated into planar lipid bilayers and depresses ryanodine-binding.     
The concentration for half-maximal inhibition is as low as 480 nM.          
This inhibitory effect is relieved by phosphorylation of sorcin                         
with  the catalytic subunit of PKA (Lokuta et al., 1997; Farrell et al. 2003).  
In cardiac myocytes, sorcin significantly inhibits both the spontaneous 
activity of RyRs in quiescent cells (calcium sparks) and the inward       
calcium current-triggered activity that gives rise to intracellular transients.             
Sorcin decreases spark efficiency and amplitude, and the dynamic    
interaction with RyRs occurs at a rate that would allow for modulation          
of the channel on a beat-to-beat basis. Kinetically, the rapid and        
reversible effect of sorcin on RyR2 closure is capable of playing                    
a role in terminating the positive feedback loop of calcium-induced      
calcium release (Farrell et al., 2003; Seidler et al., 2003). 
The functional effects of sorcin on RyR2 and the L-type calcium channel 
suggest that sorcin may play a role in interchannel communication.                
In addition, sorcin increases NCX activity in sorcin-overexpressing rabbit 
cardiac myocytes (Farrell et al., 2003), while reduced cellular sorcin 
expression depresses NCX activity in an animal model of left ventricular 
dysfunction (Smith et al., 2006).  
In turn, the interaction between sorcin and SERCA that takes place         
in cardiac myocytes is able to modulate the SR Ca2+ uptake function.             
In a normal heart, PKA-phosphorylation of sorcin allows it to translocate      
to the SR fraction, while in a failing heart condition, hyperphosphorylation    
of sorcin by PKA promotes its Ca2+-dependent translocation from                
the cytosol to the SR membrane. This translocation to the SR results              
in an activation of Ca2+ uptake through SERCA2a (Matsumoto et al., 2005).   
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Immmunoprecipitation analysis showed that presenilin 2 (PS2),      
sorcin, and RyR2 interact with each other in HEK-293 cells overexpressing 
these proteins or in mouse hearts. Immunohistochemistry of heart muscle 
indicated that PS2 colocalizes with RyR2 and sorcin at the Z-lines.           
High Ca2+ concentrations increase the association of sorcin with PS2,         
and attenuate the association of RyR2 with PS2 (Pack-Chung et al., 2000; 
Takeda et al., 2005). 
The body of these studies points to sorcin as an important player                    
in the diastolic function. In particular, sorcin inhibits calcium release        
from the sarcoplasmic reticulum by RyR2, increases cation uptake from      
the SR by SERCA and its sarcolemmal extrusion by NCX. Hence,         
sorcin participates in the relaxation processes that follow cardiac contraction, 
contributing to both the shut-off of SR Ca2+-release and the lowering             
of calcium cytosolic content.  
 
1.5 AIM OF THE WORK 
 
The research activity described in the present thesis is based                  
on the recognition that the molecular mechanism that permits activation                   
of PEF proteins and leads to their interaction with specific protein             
targets on cell membranes is still largely obscure. Sorcin appeared                
as a good candidate to unveil the underlying processes in view of the fairly        
thorough characterization of its solution properties and of the ongoing 
determination of its X-ray crystal structure. 
The titration of sorcin with calcium in the analytical ultracentrifuge      
had shown that the Ca2+-induced conformational change is triggered upon 
saturation of only two EF-hands out of the three predicted to have affinities 
in the micromolar range, namely EF1, EF2 and EF3 (Zamparelli et al., 2000). 
Thus, the first aim of the study has been to identify the functional               
EF-hand pair. The strategy employed has been to mutate the conserved 
glutamate in position –Z of the EF1, EF2 and EF3 sites because                      
it establishes a bidentate interaction with the metal ion (Fig. 15).                 
The respective site-specific mutants E53Q, E94A and E124A were  
expressed and characterized structurally and functionally. Determination          
of their affinity for calcium and of their ability to interact with two sorcin 
targets, annexin VII and the ryanodine receptor, indicated that EF3 and EF2 
are the physiologically relevant sites and that the former is endowed          
with the highest affinity for the metal.  
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N-terminal domain 
              MAYPGHPGAGGGYYPGGYGGAPGGPSFPGQTQ        1 - 32 
 
C-terminal domain 
                         x y z-y-x –z 
                                  
                           ⏐ Loop⏐     
EF-1           _Helix A__⏐ ⏐ ⏐ ⏐ ⏐ _Helix B__ 
               DPLYGYFASVAG-QDGQIDADELQRCLTQSGIAGGYK   33- 68 
                                                                                                 ⏐  
EF-2          __Helix C__⏐        __Helix D__ 
           PFNLETCRLMVSMLDRDMSGTMGFNEFKELWAVL          69-102 
                                    
EF-3           _Helix D__          __Helix E_ 
               NGWRQHFISFDSDRSGTVDPQELQKALTTMGFRLN    103-137 
                                                                                                 ⏐ 
EF-4          _Helix F__ ⏐         __Helix G_ 
              PQTVNSIAKRY-S-TSGKITFDDYIACCVK          138-165 
                                   
EF-5          ___Helix G_⏐          __Helix H_ 
              LRALTDSFRRRDSAQQGMVNFSYDDFIQCVMTV       166-198 
 
 
Fig. 15 – Amino acid sequences of the sorcin five EF-hands, the residues conserved in 
all the member of the PEF family are in bold. 
 
These findings taken together with the X-ray crystal structure                
of the Ca2+-binding domain determined meanwhile, led to the proposal       
that the D helix which connects the two physiologically active                  
Ca2+-binding sites transmits the conformational change occurring after 
binding of the metal from EF3 to EF2 and therefrom to the rest of the sorcin 
molecule. 
On this basis, the second objective of the present study has been             
to establish whether the D-helix is instrumental in sorcin activation.            
To this end, the only two tryptophan residues of the polypeptide chain,     
W99 and W105, that are both located on the D helix, were substituted          
by glycine (Fig. 16). W105 is involved in the network of interaction around 
the D-helix, while W99 faces solvent. The different location of the 
tryptophan residues along the D-helix and the different type of interactions 
they establish suggest that their substitution may affect differently sorcin 
activation and the interaction with its targets. To verify this contention, the 
site-specific mutants W99G and W105G were produced and their functional 
properties characterized in terms of the interaction with molecular targets.  
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The results obtained are of relevance in understanding the role of sorcin 
in the excitation-contraction-relaxation cycle of cardiac muscle. 
 
 
 
Fig. 16 – Sorcin sequence (A) and structure of the Ca2+-binding domain, SCBD (B).     
In A, the 11 aminoacids which interact with SCBD in the model of Ilari et al. are in boldface. 
In B, the two monomers are depicted in different colours. The D helix and the 
physiologically relevant EF2 and EF3 hands are in blue; the two tryptophan residues,      
W99 and W105, are in red.  
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2. MATERIALS AND METHODS 
 
2.1 CLONING OF THE EF-HANDS AND D-HELIX MUTANTS E53Q, 
E94A, E124A, W105G AND W99G 
 
The cDNA of chinese hamster ovary sorcin, kindly provided                  
by Dr M. B. Meyers (New York University School of Medicine,               
New York, USA), was amplified by PCR using two oligonucleotides,        
one of which was designed to generate a novel NdeI restriction                   
site at the 5’end at the place of NcoI without altering the sequence         
within the gene. The amplified DNA thus obtained was digested               
with restriction enzymes NdeI and Hind III and was inserted subsequently            
in a pET22 expression vector previously digested with the same        
enzymes (Fig. 17).  
 
 
 
Fig. 17 – Properties and characteristics of the expression vector used: Pet 22. 
 
The digestion was performed at 37°C for 4 hours using 2 µl of each 
enzyme at the concentration of 10 U/µl; the enzymes were then inactivated 
at 80°C for 20 minutes.  
Site–directed mutagenesis was carried out by the PCR overlap extension 
mutagenesis method (Higugi et al., 1988), using for each mutant                
two external oligonucleotides (N forward, C reverse) and two internal 
complementary primers of 25-30 nucleotides containing the desired   
mutation (Fig. 18).  
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          Sorcin gene between NdeI and HindIII sites  
                                 
                   Nde I                              mutation site                                Hind III 
           
 
                                                                                                                                           
                                                                                                                                           
 
 
              PCR n.1                             internal primer 1 
 
 
 
 
 
                                                                                                                           Creverse. 
            PCR n.2 
 
           Nforward. 
 
 
 
                                                                                                                                   
 
 
                                                           Internal primer 2 
 
 
          PCR n.3 
 
 
 
 
 
 
                                     
                   Complementary region of mutagenic products of the step 1 and 2, 
 
 
 
          Product of the PCR n.3: sorcin gene with the expected mutation . 
 
 
 
  
                   
                   Nde I                                                                                    Hind III 
 
 
                                           Cloning of the gene obtained in pET22 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 18 – Cloning of sorcin variants E53Q, E94A, E124A, W105G and W99G. 
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The following oligonucleotides were used: 
 
N forward:          5’-GCGAAATTAATACGACTCACTATAGGG- 3’, 
C reverse:            5’-CAAGCTTTTAGACGGTCATGACAC- 3’,  
E53Q forward:    5’-CAAATTGATGCTGATCAGTTGCAGAGATGACA- 3’, 
E53Q reverse:     5’-GTTAGACATCTCTGCAACTGATCAGCATCAATTTG- 3’, 
E94A forward:    5’-CACCATGGGATTCAATGCATTTAAAGAGCT- 3’, 
E94A reverse :    5’-GAGCTCTTTAAATGCATTGAATCCCATGGTG- 3’, 
E124A forward:  5’ -GGAACGGTGGATCCCCAGGCACTGCAGAAGGCTCTG- 3’, 
E124A reverse:   5’ -CGTCAGAGCCTTCTGCAGTGCCTGGGGATCCACCGT- 3’, 
W99G forward:   5’-GAATTTAAAGAGCTCGGCGCTGTGCTGAATGG- 3’, 
W99G reverse:    5’-CCATTCAGCACAGCGCCGAGCTCTTTAAATTC- 3’, 
W105G forward: 5’-CTGTGCTGAATGGCGGCAGACAACACTTCATC- 3’, 
W105G reverse:  5’-GATGAAGTGTTGTCTGCCGCCATTCAGCACAG- 3’. 
 
For each mutant two PCR reactions were performed using one               
of the two external primers and the corresponding internal one.                 
The PCR was carried out under the following conditions: amplification 
cycles, 30; annealing temperature, 60°C, extending step, 5 seconds              
at 72°C. The length and the purity of the PCR products were               
checked by electrophoresis carried out on agarose 1% gel in TBE              
(90 mM Tris-borate, 2 mM EDTA, pH 8,0). The amplification products  
were purified using the DNA purification kit (Qiagen). They correspond      
to the N-terminal and C-terminal regions of the sorcin gene and are 
complementary in the central region which contains the desired mutation. 
The second PCR reaction was performed under the following conditions: 
amplification cycles, 30; annealing temperature, 60°C; extension cycle,       
40 seconds at 72°C.  The length and the purity of the PCR products          
were checked by on agarose gel electrophoresis in TBE as above.              
The amplification products were purified using the DNA purification          
kit (Qiagen). The genes thus obtained were digested with restriction   
enzymes NdeI and Hind III and were inserted into a pET22 expression 
vector previously digested with the same enzymes.  
Fresh competent E. coli- BL21(DE3) cells were prepared from                 
a single colony grown for 16-20 hours at 37°C in 5 ml of LB broth            
(10 g/l tryptone, 5 g/l yeast extract and 5 g/l NaCl) and then            
transferred into 100 ml of the same medium. The culture was incubated      
for ≈3 hours at 37°C with vigorous shaking until the OD600 was ≈ 0.3,    
thereafter the cells were cooled to 0°C by storing the samples                       
on ice for 10 minutes. The culture was centrifuged at 4000 rpm                    
for 10 minutes at 4°C and the pellet was resuspended in 10 ml                            
of ice-cold 0.1 M CaCl2 and stored on ice for 10 minutes. The cells             
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were recovered by centrifugation at 4000 rpm for 10 minutes at 4°C                   
and resuspended in 2ml of ice-cold 0.1 M CaCl2. 
The recombinant plasmids obtained as described above were used           
to transform competent E. coli BL21(DE3) cells which were then           
plated on bacterial LB agar plates containing 0.1 mg/ml ampicillin.      
Transformants were screened for the proper insert by PCR.                 
Agarose electrophoresis was performed on the PCR products, plasmid   
DNA was isolated, and the sorcin cDNA sequenced. 
 
2.2 EXPRESSION AND PURIFICATION OF WILD TYPE SORCIN 
AND ITS MUTANTS 
  
The same expression and purification procedure was used for the sorcin 
and all the site-specific mutants under investigation. The purification         
step takes advantage of the ability of sorcin to translocate from             
cytosol to membranes when Ca2+-bound. This process takes place also                      
in E. coli cells (Meyers et al., 1995a). 
Transformed bacteria were inoculated into 5 ml of standard LB broth 
containing 5 mM CaCl2 and 0.1 mg/ml ampicillin. Cells were grown           
for 5-6 h at 37°C and were transferred to 1 l of the same medium                
for overnight growth at 37°C. Cells were grown to mid-log phase         
(A600nm = 1). Protein expression was induced by addition of 1 mM  
isopropyl-β-D-thiogalactopyranoside (IPTG), a molecule able to activate     
the lac promoter. After addition of IPTG the cells were grown at 37°C        
for 1.30 h; cytotoxic effects were apparent for longer periods of growth. 
Bacteria were harvested and suspended in 10 ml of sonication buffer         
(10 mM Tris-HCl at pH 7.4, 10 mM NaCl, 1 mM phenylmethyl         
sulfonyl fluoride, 1 mM dithiothreitol). Cells were sonicated on ice         
using MSE Soniprep 15, and centrifuged at 14000 x g for 20 min.              
The recovered pellet was resuspended with 10 ml sonication buffer 
containing 0.2 µg DNase and 5 mM MgCl2 and was incubated                      
at room temperature for 30 min. The suspension was centrifuged                   
at 15000 x g for 20 min. In order to remove contaminant DNA,                   
the pellet was washed repeatedly with sonication buffer.                             
The removal of DNA was checked by following the progressive         
decrease of the typical nucleic acids absorbance at 260 nm.                        
The recovered pellet was resuspended in sonication buffer containing         
10 mM ethylene glycol-bis(2-ammino-ethylether)-tetra-acetic acid, EGTA. 
Under physiological conditions (pH 7.5 and 100 mM ionic strength)           
the Ca2+ affinity constant of EGTA is 2 x 107 M-1. 
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Sorcin and its mutants were extracted from the membranes                    
by resuspending the pellets in 10 ml of sonication buffer containing               
5 mM EGTA. After 10 min incubation at 25°C, the sample was       
centrifuged at 15000 x g for 20 min. The optical spectrum of the supernatant 
has the typical protein absorbance maximum at 280 nm (fig. 19).        
Analysis of the sample by SDS-PAGE according to Laemmli (1970)        
shows that this step yields a 70-80% pure proteint. Further purification      
was achieved using an anionic exchanger at pH 7.5 since                            
the predicted isoelectric point of sorcin is about 5.7.). The sample              
was dialyzed against 10 mM Tris-HCl, pH 7.5 and applied                             
to a Mono-Q FPLC column equilibrated with the same buffer.                       
A linear gradient of NaCl  between 0 and 0.5 M was used to recover      
sorcin which elutes at 0.25 M NaCl. Protein concentration                                 
was determined spectrophotometrically at 280 nm. The molar                  
extinction coefficient, calculated according to Edelhoch (1967),                         
was 29.400 for wt sorcin and for E53Q, E94A, E124A;                         
22.640 for W99G  and for W105G. 
 
2.3 CIRCULAR DICHROISM SPECTRA 
 
Circular dichroism (CD) spectroscopy measures differences in the 
absorption of left-handed polarized (L) versus right-handed polarized light 
(R) of an optically active compound. The absence of regular structure results 
in zero CD intensity, while an ordered structure results in a spectrum     
which can contain both positive and negative signals. Circular dichroism 
spectroscopy is suitable for determining protein folding and in particular     
its secondary and tertiary structure. Secondary structure can be determined 
by CD spectroscopy in the far UV spectral region (190-250 nm).                 
At these wavelengths the cromophore is the peptide bond, and the signal 
arises when it is located in a regular environment. Alpha-helix, beta-sheet, 
and random coil structures each give rise to a characteristic shape and 
magnitude of the CD spectrum. The CD spectrum of a protein in the near 
UV spectral region (250-350 nm) is sensitive to protein tertiary structure.   
CD spectra were recorded on a Jasco J-710 spectropolarimeter                
in the far UV (200-250 nm) and in the near UV (250-350 nm) regions.      
The experiments were carried out at 20°C in 100 mM Tris-HCl at pH 7.5. 
The α-helical content was calculated from the ellipticity value at 222 nm   
and with the Selcon3 program (srs.dl.ac.uk/VUV/CD/selcon.html).  
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2.4 FLUORESCENCE SPECTRA 
 
Fluorescence is the phenomenon in which absorption of light of a given 
wavelength by a fluorescent molecule is followed by the emission of light    
at longer wavelengths. The distribution of wavelength-dependent intensity 
that causes fluorescence is known as the fluorescence excitation spectrum, 
and the distribution of wavelength-dependent intensity of emitted energy      
is known as the fluorescence emission spectrum. Because the magnitude    
and the position of the emission peak depend on the local environment         
of the cromophore, fluorescence can be used to study local changes              
in protein structure. 
Intrinsic fluorescence was measured in a Fluoromax spectrofluorimeter 
at 25°C, in 100 mM Tris-HCl at pH 7.5 using an excitation wavelength       
of 280 nm and a slit width of 0.5 nm. The emission signal was followed 
between 300 and 400 nm. 
 
2.5 DETERMINATION OF Ca2+ AFFINITY 
 
The affinity of sorcin for calcium could not be determined in direct 
fluorescence experiment because the binding of calcium leads                      
to precipitation of the protein. Ca2+ binding constants were assessed in 
indirect fluorescence titration experiments in the presence of the fluorescent 
calcium chelator Quin2 (2-metil-8-nitroquinoline) that binds calcium with     
a dissociation constant KD = 1.2 x 107 M at pH 7.5 (Bryant,  1985). 
 
 
 
 
 
 
 
 
 
 
 
The concentration of Quin 2 was determined from the absorbance           
of the Ca2+  complex at 240 nm (εM 42000 M-1 cm-1).  
In a standard experiment, all solutions were prepared in 100 mM        
Tris-HCl at pH 7.5 using doubly distilled water and were stored                    
in plastic flasks containing a dialysis bag with Chelex 100.                          
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To reduce Ca2+ contamination to 0.5 – 1 µM, the glassware was treated with 
Chelex 100 as recommended by André and Linse (2002). The concentration            
of Quin2 and sorcin or its mutants were around 25 µM (total volume 2 ml); 
the calcium solution (10 mM) was added in aliquots of a few µl.               
The experiments were carried out at 25°C in a Fluoromax 
spectrofluorimeter; excitation wavelength was at 339 nm (slit width 0.5 nm). 
The increment of fluorescence emission due to Ca2+ binding to Quin2        
was followed at 492 nm (slit width 0.5 nm). Control experiment were 
performed on Quin 2 alone. A the end of each titration, the fluorescence 
intensity corresponding to nominally zero free Ca2+ concentration was 
determined by addition of 5 mM EGTA. The fluorescence intensity              
of Quin2 at high Ca2+ concentrations was taken as the higher asymptote.    
The binding constants were assessed by fitting the experimental                
data to the model [2 Ca2+ sites + chelator] with the program CaLigator           
(André and Linse, 2002) . 
 
2.6 OVERLAY ASSAY EXPERIMENTS  
 
Aliquots of purified wild-type sorcin and of the mutants were subjected 
to electrophoresis on a 15% polyacrylamide gel under denaturing conditions 
(Laemmli, 1970) and transferred to polyvinyldifluoride membranes (PVDF) 
in transfer buffer (25 mM Tris-HCl, 192 mM glycine, 20% methanol,         
pH 8.3) at 100 mA for 45 min.  
To monitor the interaction of wild-type sorcin and its mutants             
with annexin VII, the PVDF membranes were incubated at room   
temperature with annexin VII (5 µg/ml) in 1% gelatin in TBST buffer        
(20 mM Tris-HCl, 0.5 M NaCl, 0.05% Tween 20, pH 7.5), containing   
EGTA or different CaCl2 concentrations.  Subsequently, the membranes 
were incubated with anti-annexin VII polyclonal antibody (dilution 1:3000) 
in 1% gelatin in TBST buffer.  
To monitor the interaction of wild-type sorcin and its mutants with RyR, 
the PVDF membranes were incubated at room temperature with terminal 
cisternae vesicles from rabbit skeletal muscle enriched in RyR (5µg/ml), 
prepared according to Saito et al., 1984).  In brief, the skeletal muscles were 
ground in a meat grinder and then homogenized and centrifuged                   
at 16000 rpm for 30 min. The supernatant was layered onto a gradient          
of 45%, 38%, 32% and 27% sucrose in 5 mM imidazole-HCl pH 7.4          
and centrifuged at 20000 rpm overnight. The membrane fractions located     
at the interfaces of the gradient steps were collected and examined               
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by electron microscopy; fractions enriched in terminal cisternae                   
of sarcoplasmic reticulum were present at the interface 38% - 45% sucrose. 
The incubation of the PVDF membranes was carried out in TBST    
buffer containing 10 µM or 500 µM CaCl2. Subsequently, the membranes        
were incubated with either anti-annexin VII antibody (dilution 1:3000)         
or anti-RyR monoclonal antibody (dilution 1:1000) in 1% gelatin                 
in TBST buffer. The blots were developed by incubation  with alkaline 
phosphatase conjugate monoclonal anti-mouse IgG (dilution 1:3000)            
in 1% gelatin in TBST.  
Control experiments ruled out the existence of cross-reactivity between 
the sorcin  and its mutants and anti-annexin VII or the anti-RyR antibody.  
  
2.7 SURFACE PLASMON RESONANCE EXPERIMENTS 
 
The surface plasmon resonance-based biosensor technology allows      
the real time detection and assessment of biomolecular binding events. 
The SPR phenomenon occurs when polarized light, under conditions     
of total internal reflection, strikes an electrically conducting gold layer         
at the interface between media of different refractive index: the glass            
of a sensor surface and a water solution. 
The angle of incident light at which SPR occurs (named Resonance 
Angle) is strongly dependent on the refractive indices of all the boundary 
media, including the gold film, the bulk solution and additional layers      
such as interacting molecules. 
In a typical experiment, one of the interacting molecule is bound            
to the biosensor surface, whereas the other is delivered to the surface            
in a continuous flow. Binding  to the immobilized ligand is monitored        
by changes of resonance angle which are directly proportional to the mass    
of molecules that bind to the sensor surface. 
SPR experiments were carried out using a BIACORE X system 
(BIAcore AB, Uppsala, Sweden). 
The N-terminal peptide of annexin VII was synthesized                         
by SIGMA-Genosys (Cambridge, UK); in order to improve peptide 
solubility and binding to the sensor chip, three lysine residues were added  
N-terminal to the 20 first amino acids (MSYPGYPPTGYPPFPGYPPA).  
The peptide purity was checked by MALDI-TOF mass spectrometry.  
The sensor chip (CM5, Biacore AB) was activated                     
chemically by injection of 35 µl of a 1:1 mixture of                                     
N-ethyl-N´-(3-dimethylaminopropyl)carbodiimide (200 mM) and                  
N-hydroxysuccinimide (50 mM) at a flow rate of 5 µl/min.                         
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The N-terminal peptide of annexin VII was immobilized on the activated 
sensor chip via amine coupling. The reaction was carried out                        
in 20 mM sodium acetate at pH 6.0; the remaining ester groups were  
blocked by injecting 1 M ethanolamine hydrochloride (35 µl).                        
In control experiments, the sensor chip was treated as described above          
in the absence of peptide.  
The interaction of the immobilized annexin VII peptide with sorcin      
and its mutants was detected through mass concentration-dependent    
changes of the refractive index on the sensor chip surface.                         
Such changes are expressed as resonance units (RU). A response change                             
of 1000 RU typically corresponds to a change in the protein concentration   
on the sensor chip of about 1 ng per mm2 . 
The experiments were carried out at 25 °C in 10 mM HEPES                   
at pH 7.4, 150 mM NaCl, and 0.005% surfactant P-20.                                
The buffer was treated with Chelex 100 to eliminate Ca2+ contaminations 
and degassed. In the experiments carried out as a function                              
of Ca2+ concentration, calcium chloride or EGTA were added to the buffer; 
protein concentration was 300 nM. Measurements were performed                     
at a flow rate of 20 µl/min with an immobilization level of the annexin       
VII N-terminal peptide corresponding to 100-900 RU.   
Values of the plateau signal at steady state (Req) were calculated from   
the sensorgrams using the BIAevaluation 3.0 software. 
To assess the dissociation constant, the dependence of the SPR signal     
at steady state (Req) on the  concentration of wt sorcin was analysed in terms 
of a Scatchard plot.  
 
2.8 MEASUREMENT OF Ca2+ SPARK CHARACTERISTICS IN 
ISOLATED HEART CELLS 
 
These experiments were carried out by Prof. G.L. Smith, University       
of Glasgow (UK) in the framework of a collaboration with the Dept.            
of Biochemical Sciences. 
As mentioned in the Introduction (1.4.4) Ca2+sparks reflect RyR 
activation in cardiomyocytes. However, the investigation of the effect          
of sorcin on Ca2+ sparks in intact rabbit cardiomyocytes is complicated        
by the parallel effects on the sarcolemmal extrusion of intracellular Ca2+.    
For this reason, sarcolemmal fluxes are bypassed by the acute 
permeabilization of the sarcolemma with ß-escin, a permeabilizing agent. 
Under such experimental conditions, single cardiomyocytes can be 
superfused using standardized Ca2+ concentration and pH in the presence     
of ATP and creatine phosphate. Ca2+ spark activity is monitored                   
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by the inclusion of 10 µM Fluo-3 in the perfusing solution. In this study         
isolated rabbit ventricular cardiomyocytes were initially suspended                   
in a mock intracellular solution with the following composition (mM):                      
KCl 100, Na2ATP 5, Na2CrP 10, MgCl2 5.5, HEPES 25,                       
K2EGTA 1, pH 7.0 with no added Ca2+ (20-21oC) and permeabilized           
using β-escin (0.1 mg/ml for 0.5-1 min). Confocal line-scan images             
of single cardiomyocytes were recorded using a BioRad Radiance 2000 
confocal system. Permeabilized cells were perfused with a mock intracellular 
solution containing 0.05 mM EGTA. Fluo-3 (10 µM) in the perfusing 
solution was excited at 488 nm (Kr laser line) and measured above 515 nm 
using epifluorescence optics of a Nikon Eclipse inverted microscope with a 
60X/1.2 NA water-immersion objective lens (Plan Apochromat, Nikon, UK). 
In all experiments included in the analysis, the Ca2+ concentration                 
in the test solution was 155-165 nM. Ca2+ sparks were quantified using                 
an automatic detection and measurement algorithm. 
 
 
 3. RESULTS 
 
 
 35 
 
3. RESULTS 
 
3.1 SITE-SPECIFIC MUTANTS OF EF-HANDS 1, 2 AND 3         
(E53Q, E94A, E124A) 
 
3.1.1 CLONING, EXPRESSION AND PURIFICATION  
 
The site-specific mutants E53Q, E94A and E124A were obtained           
as described under Materials and Methods. The sorcin c-DNA was mutated   
in order to replace the conserved bidentate glutamate, in position –Z              
of the EF-hand site, with a glutammine residue in the EF1 site (mutant E53Q) 
and with an alanine residue in the EF2 and EF3 sites (mutants E94A           
and E124A, respectively). The length and the purity of the genes               
were checked by electrophoresis on agarose 1% gel in TBE: the length         
of the final DNA products was of 620 base pairs as expected.  
The DNA fragments were sequenced to verify the introduction               
of the desired mutation and thereafter were inserted in a recombinant plasmid 
suitable for protein expression (Pet22).     
The recombinant plasmids were used to transform competent            
E.coli BL21(DE3) cells: the recombinant proteins were expressed              
and purified following the procedures detailed under Materials and Methods. 
The expression level was good although lower than for wt-sorcin. 
Importantly the protein purification procedure, that takes advantage               
of the reversible translocation of sorcin from cytoplasm to membranes      
upon calcium binding, resulted suitable also for its site-specific mutants.       
In brief the procedure entails washing the cell membranes                          
with sonication buffer to eliminate contaminant DNA; as expected,                   
the spectra of the supernatants show a progressive decrease                            
of the absorbance at 260 nm typical of nucleic acids. After elimination                  
of nucleic acids, extraction of the mutants was achieved by resuspending             
the membranes in sonication buffer containing the calcium chelator                
EGTA (5 mM). The optical absorption spectra of the mutants thus obtained 
are shown in Fig. 19.  
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Fig. 19 – Purification procedure of sorcin and its site-specific mutants. 
(a): Optical spectra of the supernatants yielded by washing repeatedly the cell 
membranes to eliminate DNA; 
(b): Optical spectrum of the supernatant obtained resuspending the membranes            
in the sonication buffer containing EGTA. 
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The SDS polyacrylamide gel electrophoresis patterns presented               
in Fig. 20 exemplify this part of the purification procedure. Sorcin is 
associated with the membrane fraction of cells lysed in the presence              
of contaminating Ca2+ (lane P1) and is released in to the supernatant upon 
repeated treatment of the membrane fraction with EGTA (lane S2; lane S•2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 20 – SDS PAGE of samples obtained in different steps of the purification 
procedure of sorcin. M: molecular weight markers (46 kDa, 30 kDa, 21,5 kDa, 14,3 kDa e 
6,5 kDa); The arrow indicates the band corresponding to sorcin (Mr 21.5 kDa).  
S1 e P1: supernatant and pellet obtained after centrifugation of the cellular lysate. 
S2, P2, S2•, P2•: supernatants and pellets yielded in two subsequent extractions                   
with EGTA 5mM. 
 
The final purification step was achieved by means of a Mono-Q      
anion-exchanger column. The yield of purified site-specific mutants is about 
4-5 mg/l of culture, two-three time lower with respect of wild type sorcin. 
 
3.1.2 STRUCTURAL CHARACTERIZATION 
 
Far and near UV CD spectroscopy was used to assess the possible 
occurrence of structural changes in the mutated apoproteins with respect       
to wt sorcin. 
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The experiments were carried out at pH 7.5 and at pH 6.0 since             
the X-ray crystal structure of the Ca2+-binding domain was obtained              
at the latter pH value (Ilari et al., 2002).  
The far UV CD spectra of all the site-specific mutants, measured           
at 20°C in the absence of calcium, are indistinguishable from that                  
of wt sorcin at both pH values. The α-helical content, calculated from          
the ellipticity value at 222 nm, is about 60% for all the proteins analysed 
(sorcin, E53Q, E94A, E124A) in accordance with the crystallographic 
structure of SCBD. The spectra in the far UV region were measured              
at 20°C in the absence of calcium, because previous experiments had shown 
that calcium–binding does not alter the secondary structure of sorcin 
(Zamparelli et al., 1997).  
In the near UV-CD region the spectrum of wild-type sorcin is negative 
and is characterized by two sharp bands at 262 and 268 nm attributed            
to phenylalanines, by a weaker band at 283 nm due to tyrosyl fine structure, 
and by a fairly intense, well resolved peak at 292 nm due to tryptophan 
residues. The spectra of the site-specific mutants are very similar to those     
of the  wild-type  protein at  both  pH  values with  the  exception  of  E124A. 
Thus, in the E124A variant,   
the phenylalanine bands are 
unchanged, whereas the bands 
of tyrosine and tryptophan 
residues occur at the same 
wavelength as in the wild-type 
protein but have a smaller 
amplitude at both pH values 
(Fig. 21). 
 
 
 
 
 
 
Fig. 21 – Near UV circular 
dichroism spectra of wild type    
sorcin and of the E53Q, E94A,         
and E124A mutants. Wild-type    
sorcin (⎯), E53Q (····), E94A(-), 
E124A (---) were at concentration      
of 50 µM. A, 0,1 M sodium       
acetate buffer, pH 6.0, 40°C. B,     
0.1M Tris-HCl buffer, pH 7.5, 25°C. 
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The effect of calcium on the near UV CD spectra was not studied 
because, at the protein concentration employed, sorcin and its variants 
precipitate upon binding of 2 Ca2+/monomer in the absence of target proteins 
due to the exposure of hydrophobic surfaces. 
 
3.1.3 FUNCTIONAL CHARACTERIZATION  
 
3.1.3.1 Determination of calcium affinity  
 
The affinity for calcium of sorcin variants could not be determined         
in direct fluorescence experiments since the fluorescence intensity                
is practically unchanged upon binding of 2 eq of  Ca2+/monomer, as for       
the wild-type protein, and higher amounts of calcium lead to precipitation.  
Therefore, calcium affinities were determined in indirect fluorescence 
experiments in the presence of Quin2, a chelator that binds calcium           
with KD 0.06 µM at pH 7.5. Sorcin and its variants compete effectively     
with Quin 2 for the binding of calcium. This competition causes a shift          
to the right of the titration curve of the chelator; from the extent of the shift   
it is possible to calculate the Ca2+ affinity constants of the different proteins. 
The titrations were performed in Tris 100 mM, pH 7.5 at 25°C                    
and the increment of fluorescent emission intensity at 492 nm                     
due to calcium binding to Quin2 followed. The titration curves of wild        
type sorcin and its variants are presented in Fig. 22 in terms of the degree     
of saturation of Quin 2 as a function of total calcium concentration. Simple 
inspection of the data indicates that in the mutants calcium affinity decreases 
with respect to the wild-type protein in the order E53Q > E94A > E124A. 
For the analysis of the titration data a mathematical model that simulates 
the competition between the chelator and the protein for the binding              
of Ca2+was used. Due to the occurrence of precipitation upon saturation        
of sorcin with 2 eq Ca2+/ monomer, higher Ca2+/ protein ratios cannot           
be scrutinized; hence, one is forced to analyze the titration data in terms          
of a two site model. On the basis of the statistical parameters obtained       
from the fitting procedure, the behaviour of the wild type protein                
can be described with two dissociation constants in the micromolar range 
namely K1 = 0.42 ± 0.05 x 10-6 M and  K2 = 6.3 ± 4.1 x 10-6 M using              
a dissociation constant for the chelator of 60 nM at pH 7.5, 20°C.               
The titration curves of the site-specific mutants can be fitted by a single 
binding constant: 0.48 ± 0.13 x 10-6 M in E53Q, 0.71 ± 0.14 x 10-6 M            
in E94A and 1.10 ± 0.27 x 10-6 M in E124A. The second constant cannot      
be determined with accuracy because it is below the resolution limits             
of the technique (about  1 x 10-5 M).  
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Fig. 22 – Fluorescence titration of wild type sorcin and of the E53Q, E94A,                
and E124A mutants with calcium in the presence of the calcium chelator Quin2.                 
The degree of saturation of Quin2 (y) is plotted as a function of total calcium concentration. 
Wild type sorcin (•), E53Q (□), E94A (∆), E124A (◊) at a concentration of 25 µM were 
titrated with calcium in the presence of 25 µM Quin2 in 0.1 M Tris-HCl at pH 7.5 and 25°C. 
The titration of Quin2 alone (▼) is also shown. 
 
The titration data bring out that the E124 variant (mutated EF3 site)        
is characterized by the largest change in the dissociation constant relative      
to wild type sorcin while E53Q and E94A mutants (mutated EF1                 
and EF2 sites, respectively) behave similarly to the native protein.                  
It follows that the site endowed with the highest affinity for Ca2+is EF3.     
The underlying assumption is that the site-specific mutations studied 
introduce only local structural perturbations, that are limited to the immediate 
environment of the mutated residue 
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3.1.3.2 Interaction with annexin VII and the ryanodine receptor monitored    
in immunoblot and Surface Plasmon Resonance (SPR) experiments. 
 
The determination of Ca2+ affinity of the different variants shows that 
mutation of the EF3 site has the largest effect on this property of sorcin and 
in turn suggests that the EF3 hand is more important than the EF2 and EF1 
hands in determining the conformational change that permits interaction with 
target proteins. To prove this hypothesis, interaction of the site-specific 
mutants with two physiological sorcin targets was assessed, namely     
annexin VII and RyR which are known to interact with N- and C-terminal 
sorcin domains respectively (Verzili et al., 2000; Zamparelli et al., 2000).  
In a first set of experiment wild-type sorcin and its mutants were 
subjected to electrophoresis, transferred to polyvinyldifluoride membranes 
and then incubated with annexin VII at pH 7.5 in buffer containing               
10 or 500 µM calcium. Complex formation was detected by incubation     
with polyclonal anti-annexin VII antisera and thereafter with alkaline 
phosphatase conjugate monoclonal anti-mouse IgG. Figure 23a shows         
the immunoblot obtained in the presence of 10 µM calcium while           
Figure 23b displays those in 500 µM calcium. At the lower calcium 
concentration, E53Q and E94A interact with annexin VII similarly                
to wild type sorcin, whereas no interaction is detected for the E124 mutant. 
At the higher calcium concentration, all the proteins interact with              
annexin VII in a similar way. 
    (a)                                                                       (b) 
             
 
Fig. 23 – Interaction of wild-type sorcin and of the E53Q, E94A and E124A        
mutants with annexin VII in the presence of 10 µM CaCl2 (a) or 500 µM CaCl2 (b).               
a, molecular weight markers (180, 130, 100, 73, 54, 50, 35, 24, 16, and 10kDa).                        
b, wild-type sorcin; c, E53Q; d, E94A; e, E124A subjected to SDS-PAGE and transferred     
to PVDF membranes. The arrow indicates the band corresponding to sorcin (Mr 21.5 kDa).  
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In a second set of overlay assay experiments, the interaction between    
the site-specific sorcin mutants and RyR was monitored. Wild-type          
sorcin and the E53Q, E94A and E124A proteins were transferred                   
to PVDF membranes and incubated with RyR-enriched terminal        
cisternae vesicles extracted from rabbit skeletal muscle in buffer containing 
10 or 500 µM calcium (Fig. 24a and 24b, respectively). The interaction      
was detected using monoclonal anti-RyR antibody and alkaline phosphatase 
conjugate monoclonal anti-mouse IgG. As for annexin VII, at 10 µM calcium 
wild type sorcin, E53Q and E94A interact with RyR whereas no interaction 
occurs in the case of the E124A mutant; at the higher calcium concentration 
all the proteins interact with RyR to a similar extent. In control experiments 
carried out in EGTA-containing buffer no interaction of sorcin and its 
mutants with annexin VIII or with RyR was observed (data not shown). 
 
 
    (a)                                                                       (b) 
 
         
 
 
Fig. 24 – Interaction of wild-type sorcin and of the E53Q, E94A and E124A mutants 
with the ryanodine receptor in the presence of 10 µM CaCl2 (a) or 500 µM CaCl2 (b).           
a, molecular weight markers ( 180, 130, 100, 73, 54, 50, 35, 24, 16, and 10kDa).                   
b, wild-type sorcin; c, E53Q; d, E94A; e, E124A subjected to SDS-PAGE and transferred     
to PVDF membranes. The arrow indicates the band corresponding to sorcin (Mr 21.5 kDa).  
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Surface Plasmon Resonance was used to obtain quantitative information 
on the interaction between sorcin and its site-specific (E53Q, E94A, E124A) 
mutants with annexin VII, an interaction known to involve the N-terminal 
domain of both proteins (Brownawell and Creutz, 1997). 
The experiments were performed by immobilizing on the chip                  
a synthetic peptide corresponding to the annexin VII N-terminus         
(amino-acids 1-20) extended by the addition of three lysine residues before 
amino acid 1 in order to increase peptide solubility and to favour its binding 
to the sensor chip via amine coupling. The use of the annexin VII N-terminus 
presents several  advantages over immobilization of the entire protein.           
It increases the lifetime of the chip and simplifies the experimental picture 
because the peptide does not bind calcium. Under same conditions              
the immobilized annexin VII N-terminus yields apparent KD values in good 
agreement with the results obtained with the full-length protein,                   
thus this peptide was chosen for the systematic study of the interaction             
with sorcin and its mutants.  
A typical sensorgram display three phases; the increase in RU from             
the baseline upon sample injection corresponds to association of sorcin             
or its mutants to the immobilized annexin peptide, the plateau represents          
the steady-state phase of the interaction, and the decrease in RU     
corresponds to the dissociation phase during buffer flow at the end                
of the sample injection.  
The Ca2+-dependence of the interaction with the annexin VII N-terminus 
was assessed at constant (300 nM) concentration of native or mutant sorcin. 
The sensorgrams are shown in Fig. 25 A-D. In Fig. 25 E the values                  
of the plateau signal at steady state (Req), obtained from the data depicted      
in Fig. 25 A-D and in an independent set of experiments, are plotted             
as a function of calcium concentration. Analysis of the sensorgrams shows 
that the kon and koff values of the mutants increase with respect                       
to native sorcin while the RU values in the plateau  region (Req),                  
and hence the amount of bound analyte, decrease at all calcium 
concentrations. As expected for any given protein, the Req values         
increase when the calcium concentration in the medium increases.              
The Req values show that the affinity for the annexin VII N-terminus 
decreases in the order wild-type sorcin > E53Q > E94A > E124A                  
and thus confirm that mutation of EF3 has the highest effect on the ability       
of sorcin to interact with annexin VII. 
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Fig. 25 – SPR experiments on the binding of sorcin or its E53Q, E94A,                       
and E124A mutants to the immobilized N-terminal peptide of annexin VII as a function                          
of calcium concentration. A, wild-type sorcin in buffer containing 2mM EGTA and 12, 20, 
25 and 40 µM CaCl2 (from bottom to top). B, E53Q mutant in buffer containing 2mM EGTA 
and 15, 25, 40, 70, 100 and 300 µM CaCl2 (from bottom to top). C, E94A mutant in buffer 
containing 2mM EGTA and 15, 25, 40, 70, 100, 300 and 600 µM CaCl2 (from bottom          
to top). D, E53Q mutant in buffer containing 2mM EGTA and 15, 25, 40, 70, 100, 300       
and 600 µM CaCl2 (from bottom to top). E, the plateau signal at steady state (Req)                  
is plotted as a function of total calcium concentration. Wild-type (● and ○), E53Q (■ and □). 
E94A (▲) and E124A (◊ and ♦) sorcin. Filled and empty symbols refer to data obtained   
with two different chips.    
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3.2    D-HELIX SITE-SPECIFIC MUTANTS (W99G, W105G) 
 
3.2.1 CLONING, EXPRESSION AND PURIFICATION  
 
The sorcin site-specific variants W99G and W105G were obtained as 
detailed under Materials and Methods. In these variants the two Trp residues 
located in the D-helix were replaced in the sorcin c-DNA with a glycine 
residue. The length and purity of the genes were checked by electrophoresis 
on 1% agarose gel in TBE: the final DNA products have the expected     
length of 620 base pairs. The DNA fragments were sequenced to verify                   
the introduction of the desired mutation and were inserted into a recombinant 
plasmid suitable for protein expression (Pet22).    
The recombinant plasmids were used to transform competent                     
E. coli BL21(DE3) cells, as described under Materials and Methods.          
The recombinant proteins were expressed and purified according                    
to the same purification procedure used for the native protein                     
(see Materials and Methods) which exploits the occurrence of a significant 
Ca2+-induced conformational change that leads to interaction with membrane 
proteins. Both the W99G and W105G variants undergo the calcium induced 
activation albeit at higher concentrations than wt sorcin.  
The expression levels of the site-specific mutants are somewhat lower 
than those of native sorcin. 
 
3.2.2 STRUCTURAL CHARACTERIZATION 
 
The tendency to aggregate and precipitate upon Ca2+-binding,          
which limits the experimental conditions that can be used for                        
the measurement of the Ca2+-bound protein spectra is particularly marked             
in the W105G mutant.  
Possible structural changes relative to the wild-type protein were 
monitored by means of CD and fluorescence spectroscopy and by analytical 
ultracentrifugation.  
The folding of the mutated apoproteins is essentially unaltered                   
with respect to wild-type sorcin as indicated by the far UV CD spectra               
(fig. 26) and points to a similar α-helical content, i. e. 60% for wt sorcin            
and 58% for both W99G and W105G.  
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Fig. 26 – Spectroscopic characterization of wt sorcin and its W99G and W105G 
vartiants. Wt (□), W99G (○), W105G (∆) sorcin. Far-UV CD spectra in 5 mM                 
Tris-HCl pH 7.5 and 20°C, protein concentration: 18µM. 
 
Support for the similarity of tertiary-quaternary structure was gained 
from the similarity of the weight-average molecular mass (MW) calculated 
from sedimentation velocity experiments (35000 Da for wild-type sorcin, 
36500 Da for W99G, and 34700 Da for W105G). 
The occurrence of structural perturbations that are localized                       
to the environment of the tryptophan residues and of other aromatic            
side chains is indicated by the near UV-CD (fig. 27) and fluorescence 
emission spectra (fig. 28) of the mutated proteins. 
The near UV CD spectrum of native sorcin is negative and shows        
two sharp bands (262-268 nm) attributed to phenylalanines, a weaker band 
(283 nm) due to tyrosyl residues and an intense well-resolved peak (292 nm) 
due to tryptophan residues. The near-UV CD spectrum of the W105G mutant 
is similar to that of the wt protein, although the ellipticity is less negative, 
while in the W99G spectrum the ellipticity is positive in the 272-292 region 
as in the case of Ca2+-bound wt sorcin. 
 
 
 
 
 
 
 
Fig. 27 – Near-UV CD spectra 
of  Wt (□), W99G (○), W105G (∆) 
sorcin in 100mM Tris-HCl pH 7.5,    
2 mM EGTA and 20°C; protein 
concentration: 30µM.  
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The fluorescence emission spectrum of the native sorcin displays             
a broad peak with a maximum at 338 nm, upon excitation at 280 nm.          
The fluorescence emission spectra of the two sorcin variants display               
a decrease of the intrinsic fluorescence, since most of the aromatic 
contribution at 280 nm is due to tryptophan residues. The emission peak          
of W99G is blue-shifted by 2 nm relative to wt sorcin, whereas                    
the emission peak of W105 is red shifted by the same amount.      
Interestingly, in 285-300 nm region the spectra of the two mutants are not 
additive, an indication that mutation of W99 and of W105 alters the 
microenvironment of the other chromophore. 
 
 
 
 
 
 
 
Fig. 28 – Fluorescence emission 
spectra of Wt (□), W99G (○), W105G 
(∆) sorcin in 100 mM Tris-HCl pH 7.5 
and 25°C, protein concentration:          
4 µM, excitation wavelength: 280nm, 
slit width: 0.5nm. 
 
3.2.3 FUNCTIONAL CHARACTERIZATION 
 
3.2.3.1 Determination of calcium affinity  
 
As in the case of the site-specific mutants E53Q, E94A and E124A,      
the affinity for calcium of the W99G and W105G variants could                    
not be determined in direct fluorescence experiments, but was estimated           
by means of indirect fluorescence titrations in the presence of the fluorescent 
chelator Quin2. The results obtained at pH 7.5 are presented in Fig. 29             
in terms of the degree of Quin 2 saturation as a function of total             
calcium concentration. The Ca2+ affinity of the W99G and W105G              
variants is practically unaltered relative to wt sorcin and can be fitted 
likewise with two Ca2+ binding constants in the micromolar range            
[K1= (0.5 ± 0.2) x 10-6M and  K2 ~10-5M] using a dissociation constant           
for the chelator of 60 nM. The K1 value is better defined than K2;                 
the value of the latter binding constant is at the resolution limits                    
of the technique under the conditions used. 
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Fig. 29 – Fluorescence titration of 
wild type sorcin and its W99G              
and W105G variants with calcium           
in the presence of the calcium chelator 
Quin2. The relative saturation of Quin2   
is plotted as a function of total      
calcium concentration. WT (□, ■),   
W99G (○, ●), and W105G (▲) sorcin     
at a concentration of 25 µM were titrated 
with calcium in the presence                    
of 25 µM Quin2 in 0.1 M Tris-HCl            
at pH 7.5 and 25°C. The titrations           
of Quin2 alone (◊, ♦) are also shown. 
Filled and empty symbols refer to data 
obtained in two different titrations.    
 
3.2.3.2 Interaction with annexin VII monitored in immunoblot and Surface 
Plasmon Resonance (SPR) experiments. 
 
To establish whether W99G and W105G are able to interact with 
annexin VII immunoblot experiments were performed, first. The results 
presented in Fig. 30 indicate that binding of annexin VII to W99G                  
is significant when the total calcium concentration is 10 µM and that 
comparable binding to W105G is observed only when the cation 
concentration is increased to 75 µM. 
 
 
 
Fig. 30 – Interaction of the W99G and W105G sorcin variants with annexin VII.      
The variants were subjected to SDS-PAGE and transferred to PVDF membranes which were 
incubated with annexin VII in the presence of <10 nM, 10 or 75 µM CaCl2 (from left          
to right) and subsequently with anti-annexin monoclonal antibody. A, W99G. B, W105G. 
Lane 1: molecular mass markers (46, 30, 21.5, 14.3, 6.5 and 3.4 kDa); lane 2: sorcin variant. 
The arrows indicate the band corresponding to sorcin (Mr 21.5 kDa).  
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In SPR experiments was studied the effect of the mutation                     
on the sorcin-annexin VII interaction in a quantitative manner.                    
The experiments were carried out as a function of  both Ca2+ and protein 
concentration.  
At constant protein and calcium concentration the plateau signal             
at steady-state (Req) obtained with wild-type sorcin and W99G                    
are very similar (Fig. 31 A). 
When the experiments are performed as a function of calcium 
concentration at constant protein concentration, the Req values increase      
with increase in calcium concentration (Fig. 31 B). The Req values of W99G 
resemble those of wt sorcin at < 40 µM calcium, but are slightly lower           
at higher calcium concentrations. In contrast, the Req values obtained         
with W105G are significantly lower with respect to wt sorcin at all              
the Ca2+ concentrations investigated. At 50 µM calcium, for example,         
the Req values correspond to 385 for wt sorcin, 287 for W99G,                     
and 79 for W105G. Thus, the experiments show that the affinity                   
for the annexin VII N-terminus decreases in the order wild-type                 
sorcin ≥ W99G > W105G. 
A further series of experiments was performed as a function of protein 
concentration at a constant calcium concentration of 20 µM (Fig. 31 C). 
These experiments have allowed the assessment of the apparent dissociation 
constant, KD, for each protein by Scatchard analysis of the ratio Req/C    
versus Req. The analysis yields apparent KD values, at 20 µM calcium,           
of 1.9 µM for wt sorcin, 2.0 µM for W99G. and 12.6 µM for W105G. 
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     Fig. 31 – Binding of wt sorcin and its W99G and W105G variants to the 
immobilized N-terminal peptide of annexin VII at different Ca2+ concentrations.                 
Wt (□), W99G (○) and W105G (∆) sorcin. A, sensorgrams of 6 µM sorcin injected               
at time zero onto a chip containing the immobilized N-terminal annexin VII peptide.          
The increase in RU relative to base line indicates complex formation; the plateau          
region represents the steady-state phase of the interaction, whereas the decrease                     
in RU represents sorcin dissociation from the immobilized peptide after injection of buffer 
(10 mM HEPES, 0.15 M NaCl, 20 µM CaCl2, 0.005% surfactant P20 at pH 7.4). 
Temperature, 25°C. B, the plateau signal at steady state (Req) is plotted as a function             
of total Ca2+ concentration. Sorcin concentration, 1 µM in 10 mM HEPES, 0.15 M NaCl, 
0.005% surfactant P20 at pH 7.4. Temperature, 25 °C. C, the plateau signal at steady state 
(Req) measured at different sorcin concentrations (C) is plotted as a function of Req/C;     
buffer: 10 mM HEPES, 0.15 M NaCl, 20 µM CaCl2, 0.005% surfactant P20 at pH 7.4.  
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3.2.3.3 Effect on the activity of the ryanodine receptor in isolated 
cardiomyocytes 
 
The interaction of sorcin and its D-helix variants W99G and W105G 
with RyR was monitored by measuring the effect on the RyR-activated    
Ca2+ release process which manifests itself in Ca2+ sparks. 
 The protocol used to introduce recombinant protein into permeabilized 
myocytes is shown in Fig. 32 A. After the exposure to β-escin for 30 s,       
the myocytes were superfused with a mock intracellular solution                  
for 30 s before superfusing with 3 µM sorcin, or sorcin variants,                   
for 2 min. After superfusion, sparks were monitored for 10-12 min                
in the absence of flow. Sample line-scan records that display                       
the transient increases in intracellular Ca2+ concentration characteristic           
of Ca2+ sparks are presented in Fig. 32 B. Spark frequency progressively      
decreases by 20-25% over 10-12 min and the inclusion of sorcin                    
in the perfusion solution causes a more marked decrease in spark frequency,               
reaching a steady state after 8-10 min (Fig. 32 C). 
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Fig. 32 – Ca2+ spark protocol. A, the experimental protocol used to introduce 
recombinant protein to permeabilised myocytes. B, sample line-scans: 0 (a) 6 (d)                  
and 12 min (g) after permeabilization. C, the mean spark frequency at various times          
after permeabilisation. Steady state values were measured at 10-12 mins of incubation      
with the recombinant protein.  
 
The effect of W99G and W105G on RyR activity was compared             
to that of wt sorcin by analysing the spark characteristics after incubation 
with each protein for 10 min; the spark parameters were compared with those 
observed  after incubation for the same time with a solution of the identical 
composition without the protein. (Fig. 33) The inhibitory effect of sorcin           
on RyR manifests itself in the significant reduction not only of the mean 
values of Ca2+ spark frequency, but also of spark width, spark peak and spark 
duration compared to the control spark parameters (Fig. 33 A). 
The two site-specific mutants have a contrasting effect: W99G behaves 
in a manner similar to wt sorcin pointing to the occurrence of interaction 
(Fig. 33 B), while, in the presence of the W105G mutant, the Ca2+ spark 
parameters are close to those of the control cardiomyocytes (Fig. 33 C). 
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Fig. 33 – Effect of wt sorcin, W99G and W105G on Ca2+ spark properties.              
Mean ± SEM values for: (i) spark frequency; (ii) spark width (full width half maximal);     
(iii) peak F/Fo; (iv) spark duration (full width half maximal). A, control group, n = 4 cells; 
636 events; sorcin, n = 4 cells, 176 events. B, control group, n = 5 cells, 795 events;      
W99G group, n = 5 cells, 200 events. C, control group, n = 4 cells, 630events;             
W105G group, n = 4 cells, 592 events. * P < 0.05.  
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4. DISCUSSION 
 
Sorcin shares with the other members of the PEF family the ability        
to translocate from cytosol to membranes upon binding of calcium.               
In turn, the change in subcellular localization is exploited for                              
the transmission of Ca2+-triggered biochemical signals to a variety                  
of target proteins that have been identified in the cell types where                        
the protein is expressed constitutively.  
The molecular mechanism underlying the activation process                   
is still elusive also because the available PEF proteins X-ray                  
crystal structures reveal only limited and subtle changes between                            
the Ca2+-free and Ca2+-bound forms (Blanchard et al., 1997;                            
Lin et al., 1997; Jia et al., 2000; Strobl et al., 2000). Therefore,                      
the information of the occurrence of Ca2+ binding needs not only                      
to be transmitted from the functional EF-hands but also to be amplified                
into a structurally significant conformational change. 
To address these aspects of sorcin structure and function,                       
the functionally relevant EF-hands have been identified first.                          
In sorcin, EF4 and EF5 are non canonical and diverge from the canonical  
EF-hands in terms of length and sequence of the loop; these sites        
therefore are unlikely to bind calcium at micromolar concentrations           
and likely have a structural role. According to the protein sequence,              
only the EF1, EF2 and EF3 sites are potentially able of binding              
calcium at these physiological concentrations. A comparison of their 
sequence predicts that the EF3-hand should be endowed                              
with the highest affinity for the metal. Thus, the unusual EF1 site                      
lacks an acidic residue in the metal coordination positions                            
and has a gap in position Y of the Ca2+ binding loop; EF2 should                        
have a lower affinity for calcium relative to EF3 due to substitution              
of the canonical aspartate in position –X by a glycine residue. However,   
these sequenced-based arguments do not allow one to predict how different 
the Ca2+ affinities of these sites will be. 
Titration of sorcin with calcium in the analytical ultracentrifuge             
shows that the binding of two Ca2+/monomer suffices to trigger                   
the functionally relevant conformational change. When the levels  of Ca2+ 
exceed 2 equiv/monomer, the absorbance at 280 nm decreases abruptly       
due to formation of aggregates. In fact, the Ca2+-induced conformational 
change leads to exposure of hydrophobic surfaces and to sorcin precipitation 
in the absence of molecular targets (Zamparelli et al., 2000).  
The two physiologically relevant EF-hands were identified                    
by site-directed mutagenesis of the conserved glutamate in position –Z         
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in the EF1, EF2 and EF3 sites. Only those mutations involving                        
a physiologically relevant site are expected to alter the functional      
properties of the mutant significantly relative to the wt protein            
provided that only the properties of the mutated site are influenced.          
This approach has been applied successfully for example in the case              
of m-calpain mutants (Dutt et al., 2000).  
The far and near UV CD spectra used as structural markers                            
to characterize the E53Q, E94A and E124A mutants, where EF1,                     
EF2 and EF3 are mutated respectively, indicate that the global                          
fold and the environment of the aromatic residues are essentially      
unperturbed relative to wt sorcin (Fig. 21). The only exception concerns                                  
the environment of tyrosine and tryptophan residues in the E124A mutant,               
as manifest in the near UV CD spectrum. Thus, the tyrosine band                  
at 283 nm has a significantly smaller amplitude than in the native          
protein (Fig. 21). This change has been attributed to disruption                       
of the network of hydrogen bonding and hydrophobic interactions                 
that in Ca2+-free sorcin comprises the Glu124 carboxylate, the D-helix       
with the two Trp residues (99 and 105), and the aromatic ring                       
of Tyr67 located on the loop connecting EF1 to EF2 (Ilari et al., 2002).         
The observation that the Glu 124 carboxylate is not solvent                  
exposed conforms to the behaviour of the –Z ligand in regulatory proteins 
(Xie et al., 2001).  In turn, the Tyr67-OH is hydrogen bonded                         
to Asp113 which occupies the X position in the EF3 Ca2+- binding loop. 
Tyr67, due to this hydrogen bonding interaction, should contribute 
significantly to the strength of the tyrosine CD band. Thus, removal                      
of E124 and disruption of the interaction network should decrease                         
the band amplitude as is indeed observed in the E124A mutant.                           
The concomitant decrease in the tryptophan band at 292 nm has functional 
implications because it suggests that the loss of the hydrogen-bonding 
interactions established at the EF3 Ca2+ binding loop by Asp113                        
and Glu124 is sensed also by Trp99 and Trp105 located on the long                    
and rigid D-helix that connects EF3 to EF2. On this basis,                             
the D-helix appears capable of transferring the structural perturbations 
originating in the EF3 Ca2+-binding loop far from the site of mutation.                 
In turn, this far reaching effect of the Glu124 mutation points                              
to EF3 as the ideal trigger of the pathway that leads from Ca2+ binding                    
to sorcin activation. However, for this picture to be true EF3 should                      
be endowed with the highest affinity for Ca2+. 
The fluorescence titration data in the presence of Quin2 show                         
that it is the case (Fig. 22). The overall affinity for Ca2+ follows the order 
wild-type sorcin > E53Q > E94A > E124A, indicating that disruption                   
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of the EF3 site has the largest effect on this property of the protein. 
Disruption of the EF2 and EF1 hands has progressively smaller effects. 
The immunoblot data likewise point to a major functional role                        
of EF3: the E124 mutant requires a significantly higher calcium 
concentration (500 µM) than wild-type sorcin, E53Q and E94A                           
for interaction with the binding partners annexin VII and RyR which bind                  
to the N- and C-terminal sorcin domains, respectively (Fig. 23-24). 
Disruption of the EF3 site therefore has the largest effect on the ability                   
of sorcin to interact with its molecular targets. The extent of the functional 
impairment was estimated by means of SPR experiments that assess     
directly the interaction of wt sorcin and the various EF-hand mutants                 
with the immobilized N-terminal peptide of annexin VII. As shown                        
by Verzili et al. (2000), this peptide provides a suitable model                                
to monitor complex formation between the whole protein and sorcin.                       
At all calcium concentrations investigated, the amount of complex                    
formed decreases  in the same order as calcium affinity, namely                     
wt sorcin > E53Q > E94A > E124A. At about 18 µM Ca2+, wt sorcin appears 
to have an apparent KD of 300 nM while the E53Q, E94A and E124A 
mutants require a 5- 30-, and 250-fold increase in Ca2+ concentration, 
respectively, to interact with the immobilized annexin VII peptide                      
with similar KD values.  
The functional picture that emerges is that EF3 is the major player                    
in sorcin activation. It has the highest affinity for calcium and can trigger               
a Ca2+-dependent conformational change by means of the hydrogen-bonding 
interactions established by Asp113 and Glu124 in the Ca2+ binding loop.       
This conformational change, though limited in extent, reaches EF2             
and the EF1-EF2 loop and results in the reorganization of the hydrophobic 
core around the D helix. It may be recalled that the long D helix provides    
the structural coupling between the two physiological EF hands.                
The behaviour of the 90-198 sorcin fragment, which lacks EF1 and EF2, 
binds Ca2+ with decreased affinity, and is unable to translocate to membranes 
(Zamparelli et al., 2000) likewise suggests that integrity of the transmission 
pathway is a prerequisite for sorcin activation. 
To validate these ideas concerning the role of the D-helix in sorcin 
activation, W99 and W105, the only two Trp residues of the polypeptide 
chain, located differently on the D-helix, were used to advantage.            
Thus, W99 lies near EF2 and faces solvent, whereas W105 lies near EF3, 
faces the protein core and establishes a large number of interactions             
with other residues of the D- and G-helices and of the loop between           
EF1 and EF2. The assessment of the Ca2+ affinity of the W99G and W105G 
mutants was hampered by the strong tendency of the Ca2+-bound forms,       
 4. DISCUSSION 
 
 
 57 
 
in particular of W105G, to aggregate and/or precipitate in the absence           
of protein targets. However, the indirect fluorescence titration experiments 
show that, under the experimental conditions tested, the Ca2+ affinity             
of both W99G and W105G is unaltered respect to wt sorcin (Fig. 29). 
The efficiency of the information transfer mechanism was established   
by assessing the interaction of W99G and W105G with annexin VII,              
a target of the sorcin N-terminal domain, in immunoblot and SPR 
experiments. The interaction with annexin VII is unaltered by the W99G 
mutation, but is compromised significantly (7 fold) when W105                           
is substituted (Fig. 31). Since the Ca2+ affinity of W105G is unchanged 
relative to wt sorcin, the impairment in the interaction has to be attributed             
to an alteration of the information transfer process via the D-helix.  
The interaction of the two tryptophan mutants with RyR, involving               
the sorcin C-terminal domain, was assessed in isolated cardiomyocytes                 
by analysis of the Ca2+ spark parameters. In the control experiments                 
with native sorcin (Fig. 32), over 10-12 min Ca2+ spark frequency displays              
a small but significant decrease that may reflect the balance of several 
factors, including (i) a change in the Ca2+ content of the SR immediately        
after permeabilization of the cardiomyocytes and (ii) minor changes                      
in concentration of low-molecular weight modulators of RyR2 activity,               
e.g. ATP, Mg2+, H+. The decreased frequency, amplitude, duration                     
and width of the Ca2+ sparks by wt sorcin are consistent with previous reports 
on heart cells (Lokuta et al., 1997; Seidler et al., 2003; Farrell et al., 2003). 
These studies proved that sorcin reduces the open time of the channel,               
an effect that would reduce the duration of the Ca2+ spark and thus                     
the width and amplitude.  
The two sorcin-variants W99G and W105G behave as follows:               
W99G decreases Ca2+ spark frequency very similarly to wt sorcin,              
whereas W105G has no significant effects on any of the Ca2+ spark 
parameters. This effect could be explained in terms of an alteration                   
of the sorcin-RyR2 interaction surface that weakens the interaction itself. 
Despite this alteration, the information about Ca2+ binding to EF3 does reach 
the N-terminal domain as shown by the ability of W105G to interact                 
with annexin VII, albeit with a lower Ca2+ sensitivity than wt sorcin. 
In conclusion, the behavior of the site-specific tryptophan mutants 
provide experimental support to the proposal that the interaction          
network around the D-helix is central to the Ca2+-induced sorcin               
activation mechanism. The conformational changes that take place                
at EF3 upon Ca2+ binding are amplified by the D-helix which thereby                  
acts as a trigger of sorcin activation.  
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At this point, a discussion of the data obtained in the present thesis                
in a general framework is in order. 
The role of EF3 and of the D-helix in sorcin activation indicated               
by the behaviour of the mutants finds a physiological confirmation                  
in the discovery of a spontaneous mutation in the human protein,                  
namely F112L, which is thought to account for an inherited form                          
of hypertrophic cardiomyopathy and hypertension (Rueda et al., 2006).                 
This mutation involves F112 located on the D helix at the beginning                        
of the EF3 Ca2+-binding loop. Unpublished studies by Mohiddin et al. show 
that transgenic mice expressing F112L sorcin targeted to the heart                             
have a normal lifespan and reproductive ability, although their                        
hearts are dilated with thinned ventricular walls. The effects on RyR                   
and calcium sparks appear to be dependent on the ability of sorcin                       
to interact with RyR2 more than on its bulk structure or electrical charge.            
In fact, Rueda et al (2006) showed that, except for Ca2+ spark duration,                     
all other parameters in cells perfused with F112L-sorcin are significantly 
different from those obtained in the presence of wt-sorcin, but resemble 
closely those obtained in the absence of sorcin. This mutation                           
in an essential region of the protein therefore suffices to impair                            
the interaction with the calcium channel and to alter the cardiac                  
functions in a significant manner. In general terms, the data                             
on the F112L variant provide further support to the contention                              
that sorcin plays an important role in the excitation-contraction process               
and in particular in the relaxation phase after muscle contraction.                   
Thus, in cardiac muscle the main sorcin targets are RyR2,  which triggers           
the release from calcium stores and thereby activates contraction                    
(Beers 2002), NCX, that restabilises the resting levels of calcium                      
after muscle contraction by exchanging this metal with Na+                             
(Maack et al., 2005), and SERCA, which is responsible for Ca2+ re-uptake           
by the SR after muscle contraction (Matsumoto et al., 2005).                           
Sorcin reduces the activity of RyR and increases the activity                          
of NCX and SERCA. Hence, its net effect is to terminate calcium induced 
calcium release during the relaxation process after muscle contraction.  
Lastly, the role played by the D helix in sorcin activation                     
may be applicable to all PEF proteins given the D helix conservation                  
and the fact that the EF3 site is endowed with the highest Ca2+ affinity             
in most members of the family. As in the case of sorcin, the subtle changes 
that occur upon calcium binding may be amplified by the hydrophobic               
core around the D-helix and transferred from EF3 to the rest of the molecule 
resulting in protein activation. 
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